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anaerobic bacteria 
have been isolated in pure and mixed 
culture from human and animal infec- 
tions since the early days of bacteriol- 
ogy. Thus, the role of anaerobic cocci, 
particularly streptococci, in puerperal 
sepsis has been established by Schott- 
mueller, Schwarz and Dieckmann,? Cole- 
brook,* Brown,‘ Douglas and Davis*® 
and others. These organisms have also 
been recovered from wounds, abscesses 
and other infections in many regions of 
the body*? and have been assessed an 
etiological role in cutaneous gangrenes® 
and peritonitis.* Bacterium funduli- 
formis (Bacterium necrophorum, Actin- 
omyces necrophorus) has been isolated 
from septicemias and a variety of other 


Nonsporulating 


infections including abscesses, chronic 
ulcerative colitis and puerperal infec- 
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tions in man!*'* as well as from in- 
fectious processes of animals.’:?°*! Bac- 
terium melaninogenicum has been re- 
covered form similar infections as have 
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mechanisms of infection have, however, 
remained obscure. 

Previous study in this laboratory® of 
the bacterial flora of the normal post- 
partum uterine cavity and the uterine 
cavity of patients having endometritis 
failed to reveal any significant corre- 
lation between the bacterial species 
present in the cultures and the disease 
process. The intrauterine flora was simi- 
lar to that of the vagina in trichomoni- 
asis. The organisms most frequently 
isolated were aerobic staphylococci, 
hemolytic and nonhemolytic strepto- 
cocci and diphtheroid rods and anaero- 
bic streptococci, micrococci, Bact. ne- 
crophorum and other Bacteroides. These 
results suggested an investigation of 
the role of bacterial synergism in the 
production of infection by nonsporu- 
lating anaerobic bacteria. 

The concept of the synergistic ac- 
tivity of two or more bacterial species 
in giving rise to effects not produced by 
the component organisms in pure cul- 
ture has been previously demonstrated 
in biochemical reactions as well as in 
infectious processes. The literature has 
been reviewed by Holman,” Steinhorn?? 
and Castellani.* It seems important to 
indicate, however, that in vitro syner- 
gism has been demonstrated in the cases 
of nitrogen fixation, production of nor- 
mal butyl alcohol, propionic acid and 
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other products of fermentation, diges- 
tion of cellulose and formation of por- 
phyrins from blood. Indeed, during 
studies of production of porphyrins 
Kammerer® first applied the term syn- 
ergism to such associations. The con- 
cept of synergism was early applied in 
studies of the virulence of Corynebac- 
terium diphtheriae, gas gangrene, sec- 
ondary invasion during infection with B. 
pneumosintes, Hemophilus influenzae 
and fusospirochetal disease. Cumulative 
effects of mixed agents have been ob- 
served more recently with influenza 
virus, with Brucella and Actinomyces 
in equine fistulous withers and _ poll 
evil” and with anaerobic 
teria.®:25.28.29,30 


bac- 


The present investigation has been 
concerned with experimental infections 
of mice with pure cultures of representa- 
tive anaerobic bacteria singly and in 
mixture with other aerobic and anerobic 
organisms. In addition, experiments 
have been conducted using killed and 
washed bacterial celis and extracts of 
cells and culture liquid. 


MATERIALS AND METHODS 


Bacterial cultures.—The bacterial strains used 
in these experiments were all isolated from the 
vagina or uterine cavity of patients at the Chi- 
cago Lying-in Hospital and have the following 
histories. 

Streptococcus #C-105, Str. liquefaciens, was 
isolated in 1945 from the normal postpartum 
uterine cavity. 

Streptococcus #C-61, Sir. mitis, was isolated 
in 1944 from vaginal trichomoniasis. 
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Staphylococcus #612, Staph. albus, was iso- 
lated in 1947 from the uterine cavity in endo- 
metritis. 

Bact. fusiformis #A-87 was isolated in 1945 in 
endometritis. 

Bact. melaninogenicum #A-3 was isolated in 
1944 from vaginal trichomoniasis; #A-90 was iso- 
lated in 1945 from endometritis. 

Bact. necrophorum #A-57 was isolated in 1945 
from the normal postpartum uterine cavity; #A- 
66A was isolated in 1945 from the uterus in 
puerperal fever; #A-101 was isolated in 1945 
from post-abortal endometritis. 

Bacterioides #A-39 was isolated in 1945 from 
the normal postpartum uterus. This culture is 
gram negative, non-motile, indole-producing and 
highly fermentative. Its characteristics agree 
with those of Bacteroides (Ristella) incommunis.*® 
Strain #A-50 was also isolated in 1945 from the 
normal postpartum uterus. It is a gram negative, 
non-motile, highly fermentative and gelatin li- 
quefying bacterium, probably Bacteroides vul 
galus. 

The anaerobic cocci isolated during the course 
of these studies may, be classified into several 
morphological and physiological groups. Strains 
fA-7, A-48 and A-111 are representative of 
Group la. These strains are morphologically 
streptococci and all failed to produce acid from 
carbohydrates and to liquefy gelatin. They were 
isolated in 1944 from vaginal trichomoniasis, in 
1945 from the normal postpartum uterus and in 
1946 from endometritis respectively. Group 2a, 
represented by Strains #A-55A, A-97 and A-125, 
is comprised of those cultures which ferment 
dextrose, maltose and sucrose with acid produc- 
tion but which do not ferment lactose. Strain A-97 
also produced acid from arabinese. Strains A-55A 
and A-97 are typical streptococci isolated in 1945 
from the normal postpartum uterus and endome- 
tritis respectively, whereas Strain A-125 grows in 
clusters and was isolated in 1946 from endome- 
tritis. Group 2b (Strains A-69A, A-94A and A-94) 
includes cultures which characteristically produce 
acid from dextrose, maltose, sucrose and lactose. 
Strain A-69A also produced acid from xylose and 
trehalose. Strains A-69A and A-84A grow in 
clusters, whereas A-94 is a typical streptococcus. 
All three strains were isolated in 1945 from the 
normal postpartum uterus. 

All anaerobic cultures have been maintained in 
Rosenow's dextrose brain broth (D-B-B), and 


38. Prévot, A. R. 1940, Manuel de Classification 
et de Détermination des Bacteries Anaérobies 
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cultures grown in D-B-B or in casein hydrolysate- 
yeast extract medium (C-YE) in an anaerobic jar 
or under vaseline seal were used in the animal ex- 
periments. The aerobic bacteria were maintained 
on blood agar slants and were grown in veal in- 
fusion broth for the experiments. 


ANIMAL EXPERIMENTS 


The general plan of the experiments 
was to inoculate white mice weighing 
approximately 20 g. subcutaneously in 
the abdominal wall with a constant vol- 
ume of single pure cultures or mixtures 
thereof and to observe the size and type 
of the resulting lesion during its devel- 
opment and at necropsy after 5 days. 
The bacteriology of the lesions was stud- 
ied in direct smears and occasionally by 
cultures, and the histology of represen- 
tative lesions was studied in microscopic 
sections of tissue taken at necropsy. 
Comparisons of the lesions were then 
made on the basis of production of ne- 
crosis of the abdominal wall and by 
means of an arbitrary infectivity score. 

The viable bacterial cultures were 
grown for 48 hours at 37 C and were al- 
ways inoculated in a total volume of 1.0 
ml. When a single organism was used, 
0.5 ml of culture was diluted with 
0.5 ml of sterile culture medium for 
inoculation; mixtures of bacteria con- 
tained equal volumes of the component 
cultures. Control animals received the 
same volume of sterile culture medium 
and never developed more than a transi- 
tory edema and induration which dis- 
appeared within 48 hours after inocula- 
tion. Since early experiments indicated 
that the same results were obtained 
whether the bacterial mixtures were 
grown together or were mixed just be- 
fore inoculation, the latter method was 
generally used. In the experiments in 
which washed bacterial cells, extracts of 
cells, and cell residues were inoculated, 
cultures were grown at 37 C for 3 and 
4 days in order to obtain a greater yield 
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of cells. However, in these experiments 
the viable cultures were 48 hours old as 
in the other experiments. 

The results have been evaluated in 
two ways: first, by the production of a 
local necrotizing lesion of at least 5.0 
mm in diameter; second, by the numeri- 
cal infectivity (pathogenicity) score 
based upon the area and type of lesion, 
involvement of the peritoneum and vis- 
cera, and sickness and death of the ani- 
mal. The area of the lesion was approxi- 
mated using the ar? formula when the 
diameters were equal and | x w when 
they unequal. The infectivity 
scores progressed in proportion to the 
area of the Indurated lesions 
without gross necrosis or pus formation 
with areas between 2.0 and 1024.0 sq 
mm were scored between 1 and 10; 
similarly sized lesions with abscess for- 
mation were scored 2 to 20; necrotizing 
lesions were scored 4 to 40. An additional 
5 to 10 points were arbitrarily added for 
visceral involvement and for emaciation 
sickness and premature death. The max- 
imum possible score of 60 would thus 
represent a necrotizing local lesion of the 
abdominal wall with extensive peritoni- 
tis and infection of the viscera with 
death in less than 5 days. Actually vis- 
ceral involvement was seldom observed 
and only a few animals died during these 
experiments. 


were 


lesion. 


Experimental infections with pure and 
mixed bacterial cultures 


The types of lesions observed in mice 
infected with single pure cultures and 
mixed bacteria are illustrated in figure 1. 
Mice no. 1 and 2, inoculated with pure 
cultures of the fusiform bacterium (A- 
87) and Bact. melaninogenicum (A-90) 
respectively, developed only small in- 
durated lesions at the sites of inoculation 
in the lower abdomen, with a small 
area of necrosis in the center of the le- 
sion of Mouse no. 1. Mouse no. 3, inocu- 


lated with a mixture of Bact. necro- 
phorum A-66A and anaerobic strepto- 
coccus A-55A, developed an area of in- 
duration extending into the right groin 
and the pubic region which at autopsy 
proved to be an abscess. Similar small 
lesions are observed in Mice no. 6 and 7, 
which received mixtures of the fusiform 
bacterium with anaerobic cocci A-69A 
and A-55A respectively. These lesions 
did not differ significantly from those 
of controls receiving single pure cul- 
tures. Mouse no. 4, infected with Bact. 
necrophorum and Bact. melaninogenicum, 
Mouse no. 5, infected with Bact. nvcro- 
phorum and the fusiform bacterium, and 
Mouse no. 8, which received a mixture of 
Bact. necrophorum, the fusiform bac- 
terium, and two anaerobic cocci (A-69A 
and A-55A) all show necrotic sloughing 
lesions of the abdominal wall. 

The production of necrotizing lesions 
of the abdominal wall of mice following 
inoculation of single pure cultures and 
mixtures of bacteria is summarized in 
tables 1 and 2. Results obtained in the 
case of mixed infections which differ 
significantly from those of the control 
single infections are shown in heavy 
type. It will be seen from table 1 that 
in experiments with the anaerobic 
cocci synergism was manifest only in 
combinations of two of the lactose-fer- 
menting organisms of Group 2b with 
the aerobic Str. liquefaciens. On the 
other hand, the several species of gram 
negative, nonsporulating anaerobic rods 
exhibited synergism with a number of 
other aerobic and anaerobic organisms 
(table 2). Bact. necrophorum. Bact. mel- 
aninogenicum and the two other species 
of Bacteroides were particularly active. 
The results may not be attributed to the 
volume of material inoculated nor to the 
presence of extraneous material and cul- 
ture débris, since these were constant 
in all instances. It would thus appear 
that infection with a number of non- 
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Fic. 1 


Bact. melaninogenicum (A-90); Mo. 3 


Phe appearance at autopsy of mice inoculated subcutaneously with pure and mixed cultures 
of nonsporulating anaerobic bacteria. Mouse No. 1 received the fusiform bacterium (A-87); No. 2— 
Bact. necrophorum (A-66A) + Streptococcus (A-55A); No. 4— 
Bact. necrophorum+ Bact. melaninogenicum; No. 5 


Micrococcus (A-69A)+fusiform bacterium; No. 7 


Bact. necrophorum+{fusiform bacterium; No. 6— 


Streptococcus+fusiform bacterium; No. 8—Mix- 


ture of strains A-55A, A-66A, A-87 and A-90. The extent of the lesions is outlined in ink for clarity. 


sporulating anaerobic bacterial in mix- 
ture with each other and with aerobic 
organisms gives rise to more highly 
T1e¢ rotizing lesions than does infection 


with single pure cultures of the compo- 


nent organisms. 

Infectivity scores of individual mice 
are shown in figures 2, 3 and 4. It is again 
seen that Bact. necrophorum exhibited 
with aerobic 
streptococci, Staph. albus and the an- 
aerobic Bacteroides. In evaluating the 


synergism in infections 


scores with the 


mixture of 4 species of anaerobic or- 


infectivity obtained 
ganisms it should be remembered that 
the inoculum of each organism was one- 
half that used in the infections with only 
two organisms. It will be observed also 
that following inoculation with single 
pure cultures many mice failed todevelop 
any lesion at the site of inoculation after 
disappearance of the original edema. 


Representative histological sections 
revealed only slight evidence of inflam- 
mation in the minimal lesions and small 
accumulations of exudative cells, where- 
as the more severe infections consisted of 
abscesses or extensive necrotic lesions 
involving wide areas of the abdominal 
wall. At times extension over the thorax 
was also observed. Large numbers of the 
found in 
smears from the severe lesions and con- 


inoculated bacteria were 
taminating bacteria were only occasion- 
ally observed in the areas of slough. 


The activity of killed bacterial cultures, 
cell suspensions, culture extracts 
and cell residues 

Further experiments were carried out 
with one pair of synergistic bacteria, 
Str. liquefaciens Strain C-105 and Bact. 
necrophorum Strain A-66A. Experiments 
were directed toward the demonstration 
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TABLE. 1.—Production of skin necrosis in mice by mixed bacterial infections 


a Anaerobic cocci. 


Production of necrosis by mixed infection 
Anaerobic ' lass . . coe 
aon and Pure Strepto- Strepto- Staphylo- Bacterium Bacterium Bacterium 
culture source culture coccus coccus coccus melanino- fusi- necro- 
of strains genicum formis phorum 

C-105 C-61 612 A-90 \-87 \-660A 


Pure culture 0 03 oO8 38 3/12 
Group total 1 - 15 


Group total 
\-84A 
\-09A 


A-94 5 ° 


Figures in heavy print indicate values differing from controls by P =0.01 to 0.05 x? method 

Numerator = No. animals having nécrotic lesions §.0 mm or more in diameter: Denominator = No. mice tested. 
1A, 2A, and 2B indicate physiological group of test culture 

*P= <0.01 


TABLE 2.—-Production of skin necrosis in mice by mixed bacterial infections. 


2. Bacteroides. 


Production of necrosis by mixed infection 
Anaerobic Bac- Bac- Bac 
tes ‘ Strepto Strepto- Staphy- terium terium Strepto- terium 
coccus lococcus melanin tusi coccus necro- 
#C-61 4612 ogencum  formis #A-125 phorum 
#A4-90 #A-87 #A-66A 


culture 


Pure culture 3/3 12 


Group total sacterium 
necrophorum 
4-101 
A-66A 


\-57 


(,roup t 


Jacteroides 
species 


Bacterium 
tusiformis 


For explanation of symbols see table 1 
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of the enhancement of virulence of one 
organism by inoculation with nonviable 
cells and culture extracts of the second 
bacterium. 

In the first experiment whole 48- 
hour cultures of Strain C-105 in veal 
infusion broth and Strain A-66A in 
D-B-B heaced for one hour at 55 to 60 C 
were inoculated together with the fully 
viable culture of the other organism. 
The infectivity scores of mice are shown 
graphically in column 1 of figure 5. 
There is indication of the presence of 
activity in the heated whole culture of 
Bact. necrophorum, which in view of the 


MIXED INFECTIONS IN MICE 
BACTERIUM NECROPHORUM AND AEROBIC STREPTOCOCC 
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small amount of bacterial cell substance 
and the absence of in vivo increase 
would appear to be significant. The Bact. 
necrophorum culture was killed by the 
heat treatment, whereas the Str. lique- 
faciens, which is somewhat heat re- 
sistant, still contained a few viable or- 
ganisms as demonstrated by subculture. 
Nevertheless, heat treatment rendered 
this culture inactive in the enhance- 
ment of the virulence of the anaerobic 
organism. 


MIXED INFECTIONS IN MICE 
ANAEROBIC BACTERIA AND STAPHYLOCOCCUS ALBUS 
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MIXED INFECTIONS 


Fic. 3 


In the next experiments, the bacterial 
cells were collected from 4 day cultures 
of Strain A-66A in C-YE medium and 
were washed in saline and acetone and 


MIXED INFECTIONS IN MICE 
MIXED ANAEROBIC BACTERIA 
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dried in vacuo. The dried bacterial cells 
were then suspended in saline in concen- 
trations of 10.0 and 20.0 mg dry weight 
of cells per ml. In some instances the 
additional precaution of heating the 
suspensions at 60 C for one hour was 
used, although the acetone dried cells 
were nonviable on subculture. These 
suspensions of bacterial cells were then 


EFFECT OF NON-VIABLE CULTURES AND CELL SUSPENSIONS 


N INFECTION WITH SYNERGISTIC BACTERIA 
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inoculated in 0.5 ml quantities together 
with equal volumes of sterile culture 
medium or living bacterial culture as 
indicated in column 3 of figure 5. It will 
be observed that the bacterial suspen- 
sions alone produced high infect? vity 
scores in the majority of mice. They 
were also necrotizing, and hence the con- 
sistently high scores produced by the 
inoculation together with viable culture 
are considered insignificant. 

It would appear, however, from the 
experiments with both the heated whole 


cultures and the bacterial cell suspen- 
sions that the property of producing 
enhanced virulence in mixture with 
viable bacteria resides in the bacterial 
cell. The third group of experiments was, 
therefore, directed toward separation 
of active principle from the bacterial 
cells. The experiments were carried out 
using 3- or 4-day cultures of Strains 
C-105 in veal infusion broth and A-66A 
in C-YE medium. The bacterial cells 
were collected by centrifugation and the 
remaining bacteria were removed from 
the supernatant medium by filtration 
through Berkefeld N filters. Attempts 
to disrupt the bacterial cells by pro- 
longed grinding of the suspensions in a 
sand mill either following or without 
repeated preliminary freezing and thaw- 
ing were unsuccessful and failed to pro- 
vide extracts which were toxic on intra- 
peritoneal inoculation of mice or which 
demonstrated synergistic activity fol- 
lowing subcutaneous inoculation with 
living cultures. Similarly, digestion with 
active trypsin for 48 hours at 37 C ac- 
cording to the method of Raistrick and 
Topley*®® and extraction with N/4 
trichloracetic acid* failed to yield active 
material from the bacterial suspensions. 
It is interesting to note, however, that 
in the latter experiments, the bacterial 
cell residues of Bact. necrophorum re- 
maining after extraction had lost their 
original necrotizing property but strong- 
ly enhanced the virulence of viable cul- 
ture of Str. liquefaciens (column 2, figure 
5). The cells of Str. liquefaciens were not 
toxic originally, nor did the untreated 
cells or cell residues following acid ex- 
traction enhance the virulence of cul- 
tures of Bact. necrophorum. The quan- 
tity of cell residue inoculated alone rep- 
39. Raistrick, H., and Topley, W. W. C. 1934, 
Brit. J. Exper. Path. 15: 113-130. 
40. Boivin, A., Mesrobeanu, I., and Mesrobeanu, 
L. 1933, Compt. rend. Soc. de Biol. 113: 490- 
492; 1933, 114: 307-310. 
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resented 10.0 to 30.0 mg wet weight of 
cells, whereas the inoculum combined 
with viable culture was 5.0 mg. The cell 
residues were thoroughly washed in 
saline to remove remaining acid and 
were shaken with ether for sterility. 
Since equal amounts of the cell residues 
and cell suspensions of the two organisms 
were inoculated, it is not considered 
that the enhancement of virulence can 
be attributed to the mass of foreign 
material. 

These results are interesting in view 
of the report of the extraction of toxic 
material from Bact. necrophorum with 
trichloracetic acid by Kirchheiner,“ 
and it is assumed that had larger quanti- 
ties of cells been extracted, a similar 
toxicity would have been evident in the 
present experiments since the original 
necrotizing activity was removed. How- 
ever, the virulence-enhancing factor 
was not removed by trichloracetic acid 
extraction. Additional experiments were 
carried out on the separation of material 
from several liters of culture filtrate by 
means of isoelectric precipitation with 
acetic acid, all of which were unsuccess- 
ful in demonstrating the virulence-en- 
hancing factor. 


SUMMARY 


Experiments demonstrating the syn- 
ergistic activity of mixed cultures of 
aerobic and anaerobic bacteria on viru- 
lence and the relationship of the viru- 
lence enhancing property to the bac- 
terial cells are reported. 

Synergism in mixed bacterial infec- 
tions as evidenced by production of 


41. Kirchheiner, E. 1940, Ann. Inst. Pasteur. 64: 
238-254. 


necrotizing lesions of the abdominal 
wall of mice and by high infectivity 
scores has been demonstrated using 
combinations of anaerobic streptococci, 
Bacterium necrophorum, Bacterium me- 
laninogenicum, other Bacteroides and 
the fusiform bacterium with each other 
and with aerobic Staphylococcus albus, 
Streptococcus liquefaciens and Streptococ- 
cus mitis. The anaerobic Bacteroides, par- 
ticularly Bact. necrophorum, exhibited 
synergistic activity to a greater degree 
than did the anaerobic streptococci, 
only a few strains of which were found 
effective. 

Further studies on the mechanism of 
the synergistic activity were conducted 
using Bact. necrophorum and Str. lique- 
faciens. It was found that heat-killed 
whole cultures of the former organism 
enhanced the virulence of Str. liquefa- 
ctens and that the active principle was 
not removed from the bacterial cells by 
grinding- with sand, by digestion with 
trypsin, or by extraction with trichlor- 
acetic acid. However, extraction with 
trichloracetic acid did remove a_ ne- 
crotizing factor demonstrated in sus- 
pensions of masses of untreated bac- 
teria. Heat treated but incompletely 
killed culture and cell suspensions of 
Str. liquefaciens were inactive in en- 
hancing the virulence of Bact. necro- 
phorum culture. 

It is concluded that synergistic ac- 
tivity is exhibited in infections with a 
variety of nonsporulating anaerobic 
bacteria in combination with each other 
or with aerobic organisms, and that the 
property of enhancing bacterial viru- 
lence is intimately associated with the 
cell substance, at least in the case of 
Bact. necrophorum. 








THE IDENTIFICATION OF BRUCELLA ABORTUS STRAIN 19 
BY DYE BACTERIOSTASIS 


H. B. LEVINE AND J. B. WILSON 


From the Department of Agricultural Bacteriology, University of Wisconsin 


The widespread use of Brucella abor- 
tus strain 19 as a living vaccine for the 
control of brucellosis in cattle has posed 
the problem of distinguishing this strain 
from others after its possible isolation 
from human and animal tissues. This 
distinction is accomplished routinely 
by inoculating a suspected isolate into a 
large number of guinea pigs and ascer- 
taining the degree of pathological change 
after 6 weeks (Cotten, Buck and Smith, 
1933). Such a procedure, both costly 
and time consuming, is not completely 
reliable because we have encountered 
strains of this species which are virulent 
for human beings but relatively aviru- 
lent for the guinea pig. Further, Br. 
abortus strain 19 does not require added 
carbon dioxide on primary isolation. Al- 
though this is used to aid identification, 
we have isolated virulent strains which 
similarly do not have this requirement. 

Identification of Brucella species using 
dye-containing mediums has been re- 
viewed by Huddleson (1943). Meyer 
and Zobell (1932) obtained a 98% ac- 
curacy in species identification using the 
dye technique adapted to semisolid 
mediums. More recently McLeod (1944) 
applied the principle of dye bacterio- 
stasis to the differentiation of strains 
of Br. abortus. 
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McLeod (1944) noted that Br. abortus 
strain 19 was at least 8 times more sensi- 
tive to the bacteriostatic action of 
thionine-blue than 15 virulent strains 
which he examined. He was thus able 
to prepare a medium containing a criti- 
cal amount of this dye which selectively 
inhibited strain 19 but permitted the 
growth of the more virulent strains. The 
disadvantage of this method was that 
the inhibition titer of strain 19 varied 
in separate assays. 

Since strain 19 has assumed impor- 
tance in nationwide cattle immuniza- 
tion schemes (Haring and Traum, 1941; 
Carr, 1946), it has been suggested 
(Deem and Cross, 1945) that this or- 
ganism has been etiologically related to 
cases of cattle abortion. Infection of a 
human being by strain 19 has been recog- 
nized by Gilman (1944). Hence, the 
identification of this organism must be 
considered when cultures of this species 
which do not require added carbon di- 
oxide on primary isolation are recovered 
from either man or animal. 

Work in these laboratories on the 
tolerance of 97 strains of Br. abortus to 
6 basic thiazin dyes (thionin, thionine- 
blue, methylene-blue, azure A, azure B, 
and azure C) demonstrates that strain 
19 may be identified by the use of thi- 
onine-blue. This dye is distinct from 
thionin, which is widely used in studies 
on brucellae. McLeod (1944) reporting 
the use of thionine-blue states that 
Huddleson (1934) used this dye to dis- 
tinguish Br. abortus from both Brucella 
melitensis and Brucella suis. However, 
Huddleson (1934) specifies that thionin 
manufactured by the National Aniline 
and Chemical Company, New York, 
was employed for the purpose. A similar 
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confusion in the dye literature has been 
noted by Conn (1940). Thionine-blue 
differs from other dyes of this series 
primarily in a substituted ethyl group- 
ing on the thionin nucleus (Fort, 1919). 
It is obtainable from the British Drug 
Houses, London. 

The strains of Br. abortus which we 
have examined include virulent, rela- 
tively avirulent, and aberrant cultures 
of human and animal origin. The dye 
tolerance of some of these closely ap- 
proximated that of strain 19; hence it 
was necessary to modify and standard- 
ize the procedure first suggested by 
McLeod. A method which identified 
strain 19 in all cases and which is repro- 
ducible at the same dye level is sub- 
mitted. 


MATERIALS AND METHODS 


All reagent bottles and pipettes were chemi- 
cally clean and dry. Detergents were used to 
clean petri dishes. The same control lots of Bacto- 
Tryptose, Bacto-Tryptose agar, and thionine- 
blue were used throughout these experiments. 

(A) Stock culture medium.—All cultures were 
carried on Bacto-Tryptose agar. Cultures re- 
ceived from other laboratories were transferred 
before study three times at 24 hour intervals on 
this medium. Strain 19 was similarly transferred 
to serve as a control. 

(B) Inoculum medium.—Cultures to be assayed 
for dye tolerance were grown for 24 hours at 37 C 
on Bacto-Tryptose agar slants modified to con- 
tain 2% agar. 

(C) Inoculum.—A small amount of the 24 hour 
growth was suspended in 0.1% Tryptose, 0.5% 
sodium chloride solution and turbidimetrically 
standardized and diluted so that a standard 0.3 
cm diameter transfer loop carried sufficient in- 
oculum to give rise to from 80 to 130 colonies. 
Using the Evelyn photoelectric colorimeter 
adapted with a 660 mz filter, it was found thata 
91% light transmittance suspension diluted 1:10* 
accomplished this for all strains. 

(D) Stock dye solution.—Thionine-blue was pre- 
pared in a 1:10,000 dilution with sterile distilled 
water and shaken mechanically in a tightly stop- 
pered bottle for 48 hours at 37 C in the dark. The 
dye solution was never steamed nor autoclaved 
because this tends to concentrate it to an extent 
manifested in an altered level of bacterial inhibi- 
tion. The above procedure apparently accom- 


plishes sterilization or at least eliminated those 
organisms which would normally grow on the 
medium used and under the conditions of the 
test. When not in use the dye solution was kept 
at 5 C. It remained bacteriostatic in the same 
concentration for over 6 months. 

(E) Preparation of dye plates—The different 
strains of Br. abortus were tested on a solid 
medium containing graded amounts of the dye. 
The medium was always prepared in a standard 
volume of 50 ml so that the amount of evapora- 
tion due to autoclaving would be constant. 


TABLE 1.—The preparation of Tryptose-agar 
mediums containing varying quantities 
of thionine-blue. 


Mg dye per liter medium 





0.0 0.2 0.4 0.6 


Weight of mediumingrams 2.05 2.05 2.05 2.05 


MI 1: 10,000 stock dye solu- } 
tion added 0.0 0.1 0.2 0.3 


48.9 





MI distilled water added 


MI of water displaced by 
dehydrated medium 1.1 


48.8 48.7 48.6 


Total volume of dye- 


medium in ml 50.9 50.0 50.0 


50.0 


Bacto-Tryptose agar was prepared to formula, 
but deficient by that volume of water which was 
added after autoclaving in the form of dye solu- 
tion. A 50 ml preparation requires 2.05 g of the 
dehydrated medium which displaces a volume of 
water equal to 1.1 ml. The amount of water added 
was determined by the volume displaced by the 
dehydrated medium and the desired volume of 
dye solution. Thus the total volume of the dye- 
medium was 50 ml and the only variable in its 
composition was the weight of dye. This is ex- 
emplified by table 1. 

The appropriate volumes of water were added 
by burette to 6-ounce prescription bottles con- 
taining 2.05 g of the dehydrated medium. The 
mixtures were then shaken well and steamed in 
the Arnold sterilizer with intermittent shaking 
for 20 minutes. They were then autoclaved at 15 
pounds of steam pressure for 20 minutes. 

Immediately upon removal of the medium-con- 
taining bottles from the autoclave, while the 
temperature was still above 90 C, the desired 
volumes of dye solution were added aseptically to 
the appropriate bottles using a standard pipette. 
The stock dye solution was previously warmed to 
55 C in a water bath. The dye-medium bottles 
were shaken vigorously to assure homogeneous 
distribution of the dye and were placed in a water 
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bath at 45 C until temperature equilibration. 
This was sufficient time for the foam incurred by 
shaking to subside. Three petri plates were poured 
from each 50 ml preparation, and allowed to 
stand for three hours at 37 C. 

(F) Inoculation of the dye-medium.—One loop- 
ful of the prepared inoculum was spread over an 
area of agar of approximately 4 square cm. The 
plates were then allowed to stand for 4 hours at 


TABLE 2. 


was successfully employed to identify 
strain 19. These data are 
table 2. 

The presence of dye in high concentra- 
tion apparently increases the length of 
lag phase since colonies develop more 
slowly. However, once colonial growth 
is apparent, growth proceeds until a full 


hown in 


~Maximum concentration of thionine-blue permitting growth 


of Brucella abortus strains. 





No. of 
isolates 
examined 


Strain 


Mg thionine- 
blue per liter 
medium 


History 





Laboratory stock culture 


Rough dissociant of strain 19 


From blood, vaccinated swine 
19-0 serially trans. on synth. m 


eee eee ee 


BAI, United States 


From aborted fetus, virulent 
From aborted fetus, virulent 
Virulent stock culture 


Virulent stock culture 
From bovine fetus, virulent 
Virulent stock culture 
Army Med. Center, virulent 
From bovine fetus, virulent 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 


From infected herd 
Ww SHL 24 
WSHL( —) 24 


* Highest concentration tested. 
t No added CO; requirement on primary isolation. 


room temperature before inversion for incubation. 
This was ample time for the inoculum diluent 
either to be absorbed by the agar or to evaporate 
and thus prevent the mingling of different strains 
tested on the same plate. 


RESULTS 

cultures of Br. abortus 
strain 19, having diverse histories, were 
all inhibited at the same dye level of 
0.4 mg thionine-blue per liter of Bacto- 
Tyrptose agar. Sixty-six virulent strains 
tolerated at least 50% more dye in the 
medium than that amount required to 
inhibit strain 19. 


Thirty-one 


A medium containing 
0.4 to 0.5 mg of thionine-blue per liter 


Received from U. Calif. 12/18/46 

Received from BAI, United States Dept. of Agriculture 4/8/46 
Received from BAI, United States Dept. of Agriculture 3/8/46 
From Department Veterinary Science, (University of Wisconsin) 


19-0 subcultured at 24 hrs. 35 times 

From fetus of experimental bovine abortion 
From blood clots, vaccinated cows 

Single colony isolates, BAI vaccine 
Mutants utilizing 0.5-1.0% glucose 


From experimentally infected e coibeyenating hen's egg 
Human, low guinea pis g virulence 


pt. of Agriculture, low guinea pig virulence 
British strain rough (McEwen) 


> 


As above, from BAI, United States Dept. of Agriculture 
Challenge strain, Department Veterinary Science, (University of Wisconsin) 


Ontario Research Foundation, virulent 


Separate human isolates req. added CO; 
Above, adapted to grow minus added CO: 


size colony results. The criterion of 
differentiation was the absolute failure 
of strain 19 to grow, even after pro- 
longed incubation, at a dye level which 
did not inhibit other strains. To this 
end, it was found necessary to incubate 
plates for 5 days even though macro- 
scopic growth was usually discernible 
in less than 72 hours. The observation 
of McLeod (1944) that plates may be 
read as soon as the controls show good 
growth was not substantiated by us. 
Certain strains require an additional 
24-48 hours before colonial growth is 
observed in the presence ef dye. 





IDENTIFICATION OF BRUCELLA ABORTUS STRAIN 19 


As shown in table 2, the dye inhibi- 


tion level of 31 cu'tures of Br. abortus 
strain 19, from widely divergent sources 
and diverse 


having histories, is the 


same. This constancy permits its differ- 


which, 
because of their relative lack of viru- 


entiation from other strains 
lence for the guinea pig, are otherwise 
indistinguishable from it. Culture 6980 
the blood of a 7 


year old boy on whom a diagnosis of 
undulant 


was recovered from 


made at the 
age of 9 months. This strain did not 


fever was first 


require added carbon dioxide on first 
isolation and guinea pig virulence tests 
conducted by the Bureau of Animal 
Industry, United States Department of 
Agriculture, revealed that it could not 
be distinguished from strain 19 by this 
procedure. Differentiation by thionine- 
blue was accomplished as depicted 
photographically in plate 1. Br. abortus 
culture 11, which is less virulent than 
strain 19 Buck and Smith, 
1933), was similarly distinguished by 
this dye. 

Strains 20-Z and 27-Z, isolated from 
vaccinated 


(Cotten, 


had subse- 


quently aborted, did not require an in- 


cows” which 
creased carbon dioxide atmosphere on 
primary The 
test that 
were not the vaccine strain 19, and gui- 


isolation. thionine-blue 


demonstrated these cultures 
nea pig inoculation confirmed their viru- 
lence. 


DISCUSSION 


The efficacy of an empirical method 
for differentiating bacterial strains fre- 
quently depends on the capacity of 
the method to subtle 
quantitative differences between strains. 
Since the threshold of 


demonstrate 


strain 19 in- 
hibition is an abritrary one, varying 
with gross changes in technique, re- 
producibility requires a standardized 
procedure. The variability of different 


control lots of medium and dye re- 


0.3 MG Tee 


PLATE 1.—The differentiation of Br. abortus 
strain 19 from Br. abortus strain 6980 by thionine 
blue inhibition. 


4 days 


in a moist chamber at 37 C., 


Plates were incubated for for photo- 
graphic purposes 
Mg of thionine-blue per liter of Bacto-Tryptose 
agar are indicated on the plates. Strain 1242-D is 


included as a control. 








14 H. B. LEVINE AND J. B. WILson 


quires a preliminary determination of 
the minimum thionine-blue inhibition 
level for strain 19. In the routine prac- 
tice of the test, a known strain 19 is al- 
ways included as a control. 

The evidence obtained in this study 
indicates that the thionine-blue inhibi- 
tion level of strain 19 is the same de- 
spite variations in the past history and 
source of the organism. In this respect it 
is noted that passage through the cow, 
the hog, and the embryonating hen’s 
egg failed to alter this aspect of the or- 
ganism’s physiology. Bovine cultures of 
strain 19 included three isolated from 
blood One 


culture was obtained from the fetus of 


clots of vaccinated cows. 


an experimentally induced abortion 
caused by strain 19 vaccination during 
the latter stages of pregnancy. Further- 
more, nutritional mutants which utilized 
a higher percentage of glucose, rough 
dissociants, and rapidly — transferred 
cultures of strain 19 responded to the 
dye in the same manner as the parent 
strain. It is the dye stability of the or- 
ganism which permits its differentiation. 

The marked variation in the dye tol- 
erance of different strains of Br. abortus, 
which has been previously reported 
(Mingle and Manthei, 1941), is incom- 
pletely understood. Why the immuni- 
zing strain exhibits a greater dye sensi- 
tivity than all others which have been 
examined cannot be answered satis- 
factorily at the present tine. Attempts 
to correlate thionine-blue tolerance with 
failed. Strain 11, al- 


though less virulent than strain 19 for 


virulence have 


the guinea pig, has a higher dye toler- 
ance. 


SUMMARY 


The thionine-blue inhibition level of 


31 cultures of Brucella abortus strain 19 
was determined. All of these cultures 
were inhibited at the same level of 0.4 
mg of the dye per liter of Bacto-Tryp- 
tose agar. Sixty-six other strains of this 
species, of high and low virulence, were 
able to grow in the presence of at least 
50°) more dye in the medium than that 
level which was bacteriostatic for strain 


19. It was found possible to prepare a 


medium containing a critical amount of 
thionine-blue which selectively inhib- 
ited strain 19 and thus accomplished 
its differentiation, by cultural proce- 
dures, from other strains of Br. abortus. 
A quantitative method is presented 
which identifies strain 19 and which is 
reproducible at the same dve level. 
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IMMUNOLOGICAL STUDIES ON BOVINE LEPTOSPIROSIS 
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It has been shown in previous pa- 
pers'*3 that bovine leptospirosis is of 
importance not only for the economic 
losses it causes but also because the in- 
fection is transmissible to man. It 
seemed desirable, therefore, to compare 
different methods of active immuniza- 
tion, toexamine methods for the produc- 
tion of immune serums and to deter- 
mine the therapeutic value of such 
serums. Methods for cultivation of lep- 
tospiras and agglutination tests were 
identical with those reported previously. 


EXPERIMENTAL 


Immunization with formalized cul- 
tures. Experiment 1.—Three calves re- 
ceived one subcutaneous injection of 20 
cc of formalized leptospira culture in 
Schueffner’s medium (0.2% formalde- 
hyde). Four weeks later they received 
subcutaneously together with three un- 
treated control animals the challenge 
dosage, consisting of 5 cc of a 20% liver 
suspension of a leptospira-infected calf. 
Three controls reacted with leucocyto- 
sis and a rise of the blood urea (maxi- 
mal values 56, 70 and 135 mg%), two 
of them with fever and one with a raised 
bilirubin level as well. No deaths oc- 
curred. The immunized animals showed 
no fever—only leucocytosis and a 
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slight rise of the blood urea up to about 
30 mg%. 

Experiment 2.—Two calves received 
two subcutaneous injections of the 
formalized material at an interval of 
two weeks. Four weeks after the second 
injection they received subcutaneously 
the challenge dosage consisting of 4 cc 
of a leptospira suspension (3 cc from a 
7-day culture in Schueffner’s medium 
and one cc from a 4-week culture in 
semisolid medium). They reacted with 
leucocytosis; fever and rise of blood 
urea were not observed. 

Experiment 3.—Four calves received 
three subcutaneous injections of the 
formalized material at 14-day intervals. 
Two weeks after the last injection they 
received subcutaneously the challenge 
dosage consisting of 2 cc of a lepto- 
spira suspension (1 cc from an 8-day 
culture in Schueffner’s medium and 1 
cc from a 5-day culture in semisolid 
medium). All four animals showed a 
rise of the blood urea (maximal values 
54, 72, 76 and 67 mg%), leucocytosis 
and a short rise of the temperature last- 
ing for 4 to 5 days. No deaths occurred. 
Four control animals showed the same 
symptoms (maximal blood urea 46, 55, 
146 and 84 mg%). One of them which 
showed 146 mg% blood urea died. 

Experiments 1 and 2 show that a 
reasonable degree of immunity can be 
produced with formalized vaccine and 
that the animals resist subsequent in- 
fection if the challenge dosage is a moder- 
ate one. Experiment 3 shows that this 
immunity is not sufficient to withstand 
infection if the challenge dosage is se- 
vere. ; 

It is shown in table 1 that there 
existed wide individual differences in 
the ability of the animals to produce 
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TABLE 1. 


Agglutinin formation in serums of calves after immunization with formalized and 
infection with living bovine leptospiras. 





No. of No. of 


Agglutinin titer for the bovine strain 


Two weeks after the 





Treatment Before 
treat- 


ment 


experi- 


animal 
ment 


1 injection of 1 
formalized 
leptospiras 


:20 


Controls 


2 injections of 
formalized 
leptospiras 

3 injections of 
formalized 
leptospiras 


Controls 


0 =negative at 1:20. 
* =died. 


agglutinins in their serums, but gener- 
ally it can be said that in all cases the 
titer obtained by immunization with 
formalized leptospiras was lower than 
that obtained by living cultures. There 
existed a certain correlation between 
the severity of the infection and the 
height of the antibody titer. The ani- 
mals no. 9-16 which had received the 
most virulent leptospira suspension and 
which had shown the most acute mani- 
festations of disease showed also the 
highest serum titers. 

Effect of reinoculation.—It is seen in 
table 1 that a second exposure to the 
bovine strain 60 days after the first in- 


TABLE 2.—Laboratory findings in calves inoculated a second time with the bovine strain. 


Istinjec- 2ndinjec- 3rd injec- 
tion of i i 
formalized formalized formalized 
culture 


Ist injec- 2nd injec- 
tion of tion of 
living living 
culture culture 
1:20 
1:20 
1:400 


1:200 
1:2,000 
1:200 


tion of tion of 


culture culture 


21,600 
i 


fection did not effect a further rise of the 
antibody titer in all animals. In two 
animais the titer remained unchanged, 
in three others a titer twice as high as 
before the second infection was reached, 
and in two calves a 10-fold and a 32- 
fold rise were observed. 

Table 2 shows that the first inocula- 
tion did not produce absolute immunity, 
for after the second injection with the 
bovine strain there occurred a transient 
rise of the lecuocytic count and the blood 
urea. One animal died, and it is interest- 
ing to note that it (no. 9) had a low 
agglutinin titer (1:400) even after pre- 
treatment with formalized cultures and 





Leucocytosis 


Fever 


Rise of blood urea 





Dura- 
tion 


Onset 
(after 
days) 


Maxi- Outcome 
mum 


mg % 


Dura- 
tion 
(days) 


Maximum 





45 
38 
33 
42 


Died 
Survived 

rvivea 
Survived 


Survived 
Survived 


35 
- Survived 
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two repeated infections. 

Immunization by infection with L. 
grippotyphosa.—In former experiments*® 
it has been shown that L. grippotyphosa 
produces less severe symptoms in calves 
than the bovine strain. Jaundice and 
anemia were not observed and the blood 
urea values were significantly lower than 
in a corresponding group of calves in- 
fected with the bovine strain. In a 
group of 18 calves infected with the 


TABLE 3, 


ceived subcutaneously 2 cc of a sus- 
pension of L. grippotyphosa (1 cc of an 
8-day culture from Schueffner’s medium 
and 1 cc of a 5-day culture from semi- 
solid medium). Two animals had a 
leucocytosis, three were febrile and all 
showed relatively slight rises of the 
blood urea (maximal values 43, 46 and 
32 mg%). Three weeks after this injec- 
tion they received the same quantity of 
a bovine strain suspension that killed 4 


Agglutinin titers in the serums of 4 calves (1-4) after inoculation with L. grippotyphosa and 


the bovine strain compared with the agglutinin titer in 8 calves (5-12) 








Agglutination 
with strain 

L. grippotyphosa 0 

i) 

0 

0 


eon! 


Bovine strain 


one 


L. grippotyphosa 


Bovine strain 


5 
6 
7 
8 
9 
10 
11 
12 
5 
6 
7 
8 
9 


bovine strain 6 died, while in another 
experiment only 1 of 8 calves infected 
with L. grippotyphosa died. It was 
found that there exists a close anti- 
genic relationship between the strains 
which differ only by the quantita- 
tive distribution of two antigens, G 
and B, the former dominant in L. grip- 
potyphosa, the latter in the bovine 
strain. Experiments were therefore 
undertaken to immunize calves with 
the aid of the relatively innocuous L. 
grippotyphosa against the highly viru- 
lent bovine strain. 

First experiment.—Four calves re- 


Before 
treatment 


inoculated with the bovine strain only. 


Agglutination titer two weeks after inoculation with 


L. grippotyphosa Bovine strain 


1:20 1:20 

1:20 0 

0 0 

1:400 7400 ,000* 
0 :20 
0 :200 
0 :20 
1:400 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 

Not inoculated 


out of 8 nonimmunized animals. All 
the animals which had received L. 
grippotyphosa reacted with fever, leuco- 
cytosis and a rise of the blood urea (max- 
imal values 42, 50, 38 and 80 mg%); 
one of the animals died. The antibody 
production of the immunized as well 
as that of the control animals is sum- 
marized in table 3. 

The experimental inoculation with 
this strain did alleviate to a certain de- 
gree the typical symptoms and reduced 
the mortality, but it did not confer a 
solid immunity. In the following experi- 
ment we attempted, therefore, to pro- 
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TABLE 4.—Laboratory findings in calves inoculated twice with 
L. grippotyphosa and then with the bovine strain. 





Leucocytosis 


Fever Uremia 





No. of 
inocu- 
lation 


Dura- 
tion 
(days) 


Onset 

(days) 
after 

inoc. 


Strain used for 
inoculation 





L. grippotyphosa 3 
3 


L. grippotyphosa 


Bovine strain 


duce a higher degree of immunity by two 
injections with living L. grippotyphosa. 

Second experiment.—Two calves re- 
ceived two doses of living L. grippoty- 
phosa 6 weeks apart. The same quantities 
as in the first experiment were given. 
Three weeks after the last injection 
they were inoculated with the bovine 
strain as described in the first experi- 
ment. Table 4 shows the clinical course 
of the two repeated infections with L. 
grippotyphosa and the foliowing infec- 
tion with the bovine strain. The symp- 
toms of the second infection with L. 
grippotyphosa and the infection with 
the bovine strain were relatively mild. 
In one of the calves the blood urea did 
not rise after the infection with the 
bovine strain. 

Table 5 shows that the treatment 
with living L. grtppotyphosa, a heterol- 
ogous strain, elicited a better antibody 
production against the bovine strain 
than the treatment with formalized 
homologous leptospiras. There appeared 
again wide individual differences in the 


Maxi- 
mum 
10?/mm 


26 
20 


17 
il 
20 


20 


Onset 

(days) 
after 
inoc. 


Maxi- 
mum 
°C 


Dura- 
tion 
(days) 


Maxi- 
mum 
mg % 


Dura- 
tion 
(days) 





71 
59 


52 
35 


44 


ability of the animals to produce anti- 
bodies. 

Production of 1mmune serums.—Pre 
liminary experiments showed that by 
administration of formalized cultures it 
is difficult to obtain a rise of the aggluti- 
nin titer higher than about 1:1000. On 
the other hand, it was possible to obtain 
high agglutinin titers in the serums of 
two calves, one cow and two donkeys 
after repeated administration of living 
cultures. Intravenous injections were 
alternately given with subcutaneous 
ones in 14-day intervals. In order to 
avoid shock-like symptoms, which ap- 
peared after intravenous administra- 
tion of greater quantities of cultures 
from Schueffner’s medium, 25 cc of a 
culture was centrifuged for 60 minutes 
at a velocity of 5000 rotations per 
minute and the sediment resuspended 
in 1 cc of the supernatant fluid. The 
content of the syringe was well mixed by 
aspiration with the venous blood and 
the mixture slowly injected. Again wide 
differences in the ability of the animals 


TABLE 5.—A gglutination titers in serums of calves inoculated twice with 


Agglutination 
with strain 


Before 
inoculation 


L. grippotyphosa and then with the bovine strain. 


L 


First injection 


Agglutination titer two weeks after inoculation with 





. grippotyphosa L. grippotyphosa 
Second injection 


Bovine strain 





L. grippotyphosa 


Bovine strain 


1:2,000 
1:160 ,000 


1:200 
1:80 ,000 





BOVINE LEPTOSPIROSIS 19 


to form antibodies were observed. The 
following titers were noted 10 days after 
the last injection: 
Calf no. 1. 
1: 3,000,000. 
Cal mo. 2. 
1: 30,000,000. 
After 3 injections, 1:8,000; 
6 injections, 1:400,000; 9 injections, 
1: 16,000,000. 


After 9 injections, 


After 9 injections, 


Cow 


TABLE 6. 


-In the following experiment the im- 
mune serum obtained from calf no. 2 
with an agglutination titer of 1:30,000- 
000 was injected intravenously into 
three infected animals at the height of 
the disease. Each animal received 125 
Cc. 

Table 6 illustrates the effect of the ad- 
ministration of immune serum. In calf 
no. 1, the serum was administered on 


Course of infection in three calves treated with 


immune serum and in an untreated calf. 


Symptoms noted 


Observations made after the infection (days) 





8 9 





Temperature C 
Leucocytes (1,000 /mm}!) 
Erythrocytes (10*/mm#) 
Blood urea (mg %) 
Bilirubin (mg %) 
Agglutination titer 
Temperature C 
Leucocytes (1,000 /mm’) 
Erythrocytes (10*/mm*) 
Blood urea (mg %) 
Bilirubin (mg %) 
Agglutination titer 
Temperature C 
Leucocytes (1,000 /mm‘ 
Erythrocytes (10¢/mm*) 
Blood urea (mg %) 
Bilirubin (mg) 
Agglutination titer 
Temperature C 
Leucocytes (1,000 /mm*) 
Erythrocytes (10*/mm?) 
Blood urea (mg “%) 
Bilirubin (mg “%) 
Agglutination titer 


0 =1:20 negative. 
* =serum administered. 


Donkey no. 1.—After 3 injections, 
1:10,000; after 6 injections, 1:20,000. 

Donkey no. 2.—After 4 injections, 
1:4,000; after 6 injections, 1:100,000. 
After the first injection the calves and 
the cow showed characteristic changes 
associated with leptospirosis, after the 
second injection reactions were slight, 
and the third injection did not produce 
any reaction. The donkeys reacted 
after the first injection with a transient 
leucocytosis, but fever and rise of the 
blood urea were not observed. After 
the second injection leucocytosis did 
not appear. 

The therapeutic use of immune serums, 


3.5 
1:3,200 


39. 8* 


1:4,000 


38.6 
1S 

4.6 
126 

Traces 


the 7th day after the 
apeutic effec 


tion. Ne ther- 
was noted aitho gh on the 
lasts 

in animals neo, 2 
the &th 
ovmats 


following day a «s ion titer of 
1:3200 was observes 
and 3 the serum was given om 
and 6th day, respective'y. Both 
recovered gradually after the 


of the serum as indicated b 


injection 
the de- 
crease in temperature, leucocyte count 
and blood urea. Recovery did not 6ccur 
in the untreated control animal (no. 4). 
In all three calves the agglutinin titer 
rose suddenly on the day following the 
injection of serum to a titer of 1:2000 
to 1:4000. 
The immunizing effect of living lepto- 
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spiras combined with immune serum ad- 
ministration.—In the following experi- 
ment we attempted to determine if it 
was possible to immunize calves by 
injection of living leptospiras together 
with the prompt administration of im- 
mune serum. Calf no. 3, which had been 
treated with immune serum, was rein- 
oculated 55 days later with a virulent 
leptospira suspension which had killed 
3 out of 4animals. The calf reacted again 
with (maximum 18,000 
per mm*) and high blood urea (maximal 
value 82 mg%), lasting for 18 days. 

The experiment shows that the ad- 
ministration of immune serum did offer 
a certain degree of protection yet it 
did not confer a solid immunity; the 
resulting antibody titer 14 days after 
the shortened infection was 1:2000. 
Thus it would seem that a solid im- 
munity can be obtained only if the in- 
fection runs its natural course. 


leucocytosis 


CONCLUSIONS 


The experiments here reported show 
that formalized leptospiras produce a 


moderate but not a solid immunity. The 
possibility exists that formalized lepto- 
spiras are devoid of an antigen which 
is present in the living organisms. The 
other possibility is that formalized cul- 
tures do not contain the amount of 
antigen necessary to establish solid im- 
munity. Curtailment of an infection by 
immune serum treatment failed to pro- 
vide the organisms with sufficient quan- 
tities of antigen for complete immuniza- 
tion. Even after the animals had re- 
covered from an infection, not all of 
them had acquired a solid immunity. 
The best results were obtained by re- 
peated inoculations with living cultures 
of the relatively innocuous L. grippoty- 
phosa or by treatment with formalized 
bovine vaccine followed by inoculation 
with the virulent bovine strain. Potent 
antiserums were produced in cattle and 
donkeys only by immunization with 
living organisms. The intraverous ad- 
ministration of these serums at the 
height of the infection exerted a cura- 
tive effect in two out of three calves. 
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The association of a virus-like agent 
with endemic pneumonia of the albino 
rat was previously reported.' The fre- 
quency with which this agent was iso- 
lated from the respiratory tract of 
laboratory rats prompted a search for 
it in the lungs of wild rats in which a 
similar pneumonia is known to occur. 
Examination of the lungs of two brown 
rats (Mus norvegicus), one adult and one 
weaned young, caught alive in the vi- 
cinity of the Rockefeller Institute in 
Princeton, New Jersey, revealed only 
minor pathologic changes. Continuing 
the practice begun in the early work on 
endemic pneumonia, white mice were 
injected intranasally with a lung sus- 
pension from each rat. These mice 
showed an acute pulmonary reaction 
which was quite unlike their retarded 
and chronic response to nasal instilla- 
tion of the virus-like agent. The disease 
was so different from any that we had 
previously encountered in odents that 
additional studies were carried out in 
white mice and rats with the view to- 
ward determining its behavior under 
varied experimental conditions. 


The nasal instillation of lung suspensions 
in white mice 

Nasal transmission was continued by 
passage from the mice originally injected 
with the lung suspension from the 
young wild rat. It was shortly found 
that the activity of mouse lung suspen- 
sions was rapidly lost on storage at 
35 F. In order to be sure of maintaining 
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the disease and also to provide a supply 
of active material some 50 passages were 
made at intervals of 7 to 14 days, be- 
ginning in November, 1945. The results 
of these injections in mice bore out the 
original impression that an acute pul- 
monary disease bearing no resemblance 
to endemic pneumonia was being trans- 
mitted. For the present this disease will 
be referred to as wild rat pneumonia 
and the abbreviation WRP employed. 

Unless otherwise specified the Princeton strain 
of white mice was used throughout in these ex- 
periments. The preliminary observations were 
made with mice weighing 15 to 18 g. Later it was 
found that somewhat sharper results were ob- 
tained with younger mice, and ones weighing 10 
to 12 g were substituted. The nasal injections 
were made by dropping 0.05 ml of the test sus- 
pension on the nares of mice, previously anes- 
thetized with ether. Lung suspensions were pre- 
pared by grinding minced tissue in a glass tissue 
grinder and diluting with sufficient normal saline 
to make a final concentration of approximately 
10%. Five mice were generally injected with each 
test and held under observation for two weeks, 
when the survivors were killed and autopsied. 
The lungs were always removed to a petri dish 
and examined under a dissecting microscope at 
low magnification. 


The characteristics of the disease 
which invariably followed the nasal in- 
jection of lung suspensions in 10 to 12 g 
Princeton mice were conspicuously uni- 
form. The onset of the disease was rapid, 
symptoms being obvious by the 5th to 
the 7th day after injection. At this time 
the mice had a pinched appearance, the 
weight remained stationary or declined, 
the hair was ruffled, and respiratory in- 
volvement was indicated by chattering. 
Deaths were uncommon before the 7th 
day but between the 7th and the 14th 
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day the mortality rate was high, being 
58% in one group of 50 mice. In 15 to 18 
g mice the course of the disease was 
somewhat more variable and in general 
retarded. Limited observations on mice 
in these two groups which were held for 
periods longer than two weeks indicated 
the survival of only a few animals be- 
yond the 4th week. In 20 to 25 g mice 
the mortality rate was considerably 
reduced: in one group of 15 animals ap- 
proximately 60% were alive 4 weeks 
after injection. The survivors showed 
definite signs of the disease, however, 
the individual weight loss being as high 
as 3 g. By way of comparison with en- 
demic pneumonia, it may be added that 
the majority of mice injected with the 
virus-like agent are alive at this time. 

At autopsy the only constant feature 
of the disease was a pulmonary reaction 
which involved all 5 lobes of the lung 
and showed but a limited quantita- 


tive variation from mouse to mouse. 


The most noticeable feature of the lung, 
on examination without magnification, 
was its color which varied from a diffuse 
deep pink to red. Conspicuous areas of 


consolidation 
Under 
lungs showed 


were 
power 


rarely observed. 
magnification the 
an infiltrative type of 
pneumonia with irregular, gray, pink, or 
red areas of consolidation interspersed 


low 


with seemingly normal or emphysema- 
tous lung tissue. The areas of consolida- 
tion tended to coalesce, with survival 
beyond the second week, but never re- 
sulted in the lobar distribution charac- 
teristic of endemic pneumonia. In mice 
injected with more dilute lung suspen- 
sions the reaction was commonly less 
extensive, in some_ instances 
limited to the single left lobe. 
In mice injected with 10% lung sus- 
pensions the pulmonary reaction was 
almost invariably accompanied by 
edema. If the lung was removed to a 
petri dish, a frothy fluid exuded from 


being 
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the trachea and formed a small adjoin- 
ing pool. By careful manipulation, using 
a tracheal clamp prior to removal of the 
lung, a small quantity of moderately 
turbid fluid could be removed by aspira- 
tion with a pipette. 

Histologically the pulmonary reac- 
tion involved chiefly the alveolar walls 
and spaces. Sections of entire lobes regu- 
larly showed irregular areas in which the 
normal structure was obliterated. The 
alveolar walls were thickened and con- 
gested. The air spaces were filled with a 
mixture of exudative cells, red blood 
cells, and granular material, evidently 
from fluid deposits. The predominant re- 
active cell was a large mononuclear one. 
Small lymphocytes were also numer- 
ous but polymorphonuclear leucocytes 
were generally few in number. In the 
same slide it was customary to find other 
groups of alveoli which contained only 
red blood cells, granular deposits, or 
mononuclear cells. Adjacent to the areas 
of consolidation were commonly groups 
of alveoli which were essentially normal 
in appearance. Bronchial involvement 
was inconspicuous and limited to de- 
posits of granular material together 
with mononuclear cells along the mu- 
cosal margin. 

The response of mice to the nasal in- 
jection of active 10% lung suspensions 
was chiefly limited to the lung. The inci- 
dence of pneumonia as indicated by the 
autopsy findings on approximately 300 
mice was 100%. In the early autopsies 
the nasal passages and middle ears were 
also examined but this practice was 
subsequently discontinued as it was 
found that the former were regularly 
normal on aspiration and the latter 
only occasionally involved. The inci- 
dence of otitis media, characterized by 
the presence of a cellular exudate, in 
one group of 50 mice was 12%. The 
visceral organs showed no pathology 
aside from an occasional abnormality 
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which was obviously unrelated to WRP. 

The autopsy of infected mice prior to 
the onset of symptoms indicated that a 
pulmonary reaction was detectable ma- 
croscopically as early as the second day 
after nasal instillation. By the 4th day, 
when the injected animals were still 
normal in appearance, the lung reaction 
was indistinguishable from that in mice 
killed on the 7th day or later. 

A limited number of observations 
were made on the susceptibility of two 
additional strains of mice. Swiss and 
Japanese (black and white) mice from 
colonies maintained at the Princeton 
laboratories of the Rockefeller Institute 
were injected intranasally with findings 
that paralleled the outcome in Princeton 
mice. The resulting pulmonary reactions 
were identical in appearance in all three 
strains. 


The extranasal injection of lung sus- 
pensions in mice 

Princeton mice weighing 10 to 12 g 
were injected in the foot pad, intraperi- 
toneally, and intracerebrally with active 
lung suspensions. There were no fatali- 
ties and none of the mice showed symp- 
toms through the third week after in- 
jection. At autopsy there was neither a 
local nor a pulmonary reaction in any 
instance. Spleen and lung suspensions 
from the mice injected in the foot pad 
and in the peritoneal cavity were like- 
wise inactive on nasal passage. 


The nasal injection of mice with sus- 
pensions from organs other 
than the lung 

The nasal passages of infected mice 
were washed with normal saline on the 
5th to the 7th day of the disease and the 
washings injected intranasally. Despite 
the apparent lack of reaction in the 
upper respiratory tract the nasal wash- 
ings reproduced the manifestations of 
WRP in 5 out of 5 trials. The disease 


was also produced in 4 out of § trials 
with saline suspensions of exudate re- 
moved from the middle ears of infected 
mice. The extent of the pulmonary reac- 
tion in the mice injected with these sus- 
pensions was noticeably reduced. Ap- 
proximately half of the mice showed 
involvement of only one or two lobes at 
autopsy. A single case of otitis media 
was observed in the 25 mice injected 
with middle ear exudate. WRP was also 
produced in mice by the nasal injection 
of fluid removed from the lung by tra- 
cheal aspiration. In 2 out of 2 trials the 
tracheal fluid, diluted with an equal 
voluiue of saline solution, resulted in 
typical manifestations of the disease 
with involvement of all lobes of the lung. 

Spleen suspensions and defibrinated 
heart's blood from infected mice killed 
at the height of the disease were con- 
sistently inactive on nasal instillation. 
The lungs of the injected mice were 
normal at autopsy and likewise innocu- 
ous ON passage. 


The transmission of WRP in mice 
by direct contact 


A detailed series of tests was carried 
out in mice to determine the communi- 
cability of the disease by direct contact. 
In these experiments 5 mice were in- 
jected intranasally and 5 normal ones of 
similar weight and sex immediately 
placed in the same cage. Any animals 
that died during the period of observa- 
tion were removed from the cages, 
though in some instances deaths oc- 
curred during the night and the car- 
casses were partially eaten by the sur- 
vivors. 

The results of the contact tests, which 
in no way reflected the transmissibility 
of WRP by nasal instillation, were di- 
rectly related to the duration of expo- 
sure. On this basis they were divisible 
into a negative and a positive group. In 
the negative group, which comprised 6 
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experiments, the period of contact was 
relatively short, varying from 8 to 15 
days. Several different methods were 
used in examining the exposed mice. In 
experiments 1 through 4 the mice were 
killed 14 days after the period of con- 
tact was ended and the lungs inspected. 
The autopsy findings of experiments 3 
and 4 were supplemented by a single 
passage of the respective lung suspen- 
sions in mice. In experiments 5 and 6 
the contact mice were subsequently held 
under observation for 5 weeks and then 
injected intranasally with an active 
lung suspension. The results of these 
tests, which were all negative regardless 
of the method employed in the final 
examination, intimated that WRP was 
not communicable by direct contact in 
the mouse when the period of contact 
was two weeks or less. 

In the positive group, which included 
5 experiments, the period of contact was 
somewhat more prolonged, varying 
from 21 to 33 days. At least one infected 
mouse in each experiment was alive 
during these intervals. The exposed 
mice were killed and autopsied at the 
end of the contact period. In 4 experi- 
ments, 7 of the 20 exposed mice showed 
a characteristic though generally re- 
duced pulmonary reaction. All of the 
exposed mice from the 5th experiment 
were normal at autopsy but a suspension 
of their combined lungs produced WRP 
on subinjection in 2 out of 5 mice. 

The second group of contact experi- 
ments furnished evidence that WRP 
was communicable, though meagerly so, 
provided the period of exposure was 3 
weeks or more. Disregarding the out- 
come of experiment 5, the incidence of 
WRP in the 25 exposed mice of this 
group was 28%. Since the findings in 
this experiment indicated the presence 
of the causal agent in the absence of 
lung lesions, it is possible that the mor- 
bidity rate would have been somewhat 
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higher if the mice had been held for a 
longer period after the termination of 
contact. 


The transmission of WRP to white 
rats by nasal instillation 
and contact 


Transmission tests were also carried 
out in white rats from the selected 
Princeton colony,? weaned young 3 to 5 
weeks old being used. In the first experi- 
ment 5 rats were injected intranasally 
with a lung suspension from the 7th 
mouse passage. There were no apparent 
symptoms through the 14th day of ob- 
servation. At this time the rats were 
killed and at autopsy the lungs from 
each of the 5 animals showed obvious 
involvement. The pulmonary reaction 
was similar in appearance to that in in- 
fected mice but was conspicuously less 
extensive. It was limited to three lobes 
of the lung in two of the rats and in- 
volved not more than half of each lobe 
in the other three. 

Six successive passages were subse- 
quently made in rats at intervals of 3 to 
5 weeks with essentially the same re- 
sults. The injected animals showed none 
of the:symptoms which characterized 
the disease in mice and all of them sur- 
vived throughout the period of observa- 
tion. Snuffling was occasionally noted 
but is endemic in the colony. At autopsy 
26 of the 29 rats used in the 7 transmis- 
sion experiments showed specific in- 
volvement of one or more lobes of the 
lung. Nasal transfers were made in mice 
with each passage and resulted in a 
prompt and typical response. Edema 
was not a conspicuous feature of the 
pulmonary reaction in rats, there being 
little or no seepage of fluid from the cut 
ends of the tracheas. The latter observa- 
tion was substantiated by histological 
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examination of lung sections, granular 
deposits in the alveoli and bronchi being 
much reduced in comparison to the con- 
dition in mice. The nasal passages and 
middle ears of the injected rats were 
uniformly normal. 

Contact experiments were carried out 
with the last 4 passages. Three rats were 
placed in the same cage with an equal 
number of injected ones and contact was 
maintained for a period of 4 to 5 weeks. 
At autopsy 1 of the 12 exposed rats 
showed a _ characteristic pneumonia 
which involved three lobes of the lung. 
The lung suspension from this animal 
was the only one from the contact rats 
which was infective on nasal injection in 
mice. 


SUMMARY 


During a survey of endemic pneu- 
monia in wild rats an infective agent 
which produced an acute pulmonary re- 


action in mice was obtained from two 
different lung suspensions. 

The disease produced in young mice 
on subsequent nasal passage was char- 
acterized by rapid onset, high mortality, 
and an infiltrative type of pneumonia 
which was regularly accompanied by 
edema of the lung and occasionally by 
otitis media. 

The agent was also established in mice 
by the instillation of nasal washings and 
middle ear exudate but not by the 
extranasal injection of lung suspensions. 

Transmission of the agent by direct 
contact was irregular and occurred only 
after an exposure period of at least 
three weeks. 

The nasal injection of mouse lung 
suspensions in white rats resulted in a 
similar but less acute pneumonia which 
was transmissible by passage and 
slightly communicable by direct con- 
tact. 
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The pathologic findings reported in 
the preceding paper on WRP' were suffi- 
ciently distinctive to differentiate it 
from endemic pneumonia. The etiology 
of the disease being unknown, however, 
this evidence was not sufficient to es- 
tablish it as an independent entity. Ac- 
cordingly, additional studies were 
carried out in white mice for the purpose 
of determining its causal agent. 


Cultural and microscopical examination 
of lung suspensions 


Cultures made from the initial rat 
lung material and from the early mouse 
lung suspensions on horse blood-agar 
and horse serum-agar plates indicated 
the presence of relatively few bacteria. 
Particular attention was paid to pleuro- 
pneumonia-like organisms since these 
bacteria are known to be carried, though 
infrequently, by the Princeton strain of 
white mice.? For this reason the horse 
serum-agar plates, prepared by adding 
30% horse serum to nutrient agar (py 
8) and sealing with scotch tape, were 
used. In the later examinations, made at 
intervals during the passage series, these 
plates were employed exclusively and 
were heavily inoculated from the lung 
suspension prepared shortly after au- 
topsy. No pleuropneumonia-like colo- 
nies were obtained after incubation at 
37 C for 5 to 7 days. In some instances 
the inoculated plates showed a few 
colonies of rapidly growing bacteria. 
The growth was usually mixed and 
varied from plate to plate, no single 
organism predominating. As the work 
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progressed, a considerable number of the 
mouse lug suspensions proved to be 
bacteriologically sterile. 

The 10% lung suspensions from in- 
fected mice were exposed to 10,000 units 
of penicillin and 5,000 ug of strepto- 
mycin, respectively, for periods up to 24 
hours. These antibiotics had no ap- 
preciable effect on the activity of the 
suspension, as indicated by subsequent 
nasal injection in mice. In one experi- 
ment with streptomycin, symptoms were 
somewhat delayed in comparison with 
the control series, but at autopsy all of 
the injected mice showed typical in- 
volvement of the lung. Plates inoculated 
from these suspensions were invariably 
sterile. 

Embryonated eggs inoculated with 
lung suspensions, in the absence of 
antibiotics, commonly showed no indi- 
cation of bacterial contamination. Oc- 
casionally there was an overgrowth of 
organisms resulting in inactivation, but 
generally the embryos were fully active 
through the 7th day and bacteria were 
not demonstrable in stained films and 
cultures made from 
membranes. 

Microscopic examination of the lungs 
from infected mice was also made from 
time to time. Films were prepared di- 
rectly from lung tissue and from lung 
suspensions in saline solution. They 
were stained by a variety of methods 
which included Gram, Wayson, Giemsa, 
Machiavello, and Morosow. Bacteria 
were present in some instances but 
never consistently and when present 
were few in number. Particles suggestive 
of elementary bodies or other small 
sized agents not demonstrable. 


the supporting 


were 
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Motile organisms other than occasional 
bacteria were not observed in wet prepa- 
rations examined by direct or dark field 
illumination. 


The presence of iwo infective agents 
in lung suspensions 

The preceding observations afforded 
reasonably conclusive evidence that a 
cultivable microorganism was not con- 
cerned in the etiology of WRP. In work- 
ing with a transmissible disease of this 
nature the possible association of more 
than one noncultivable agent must be 
borne in mind. The results of the first 
mouse passage from the original rat lung 
suspensions suggested that this might 
be the case with WRP. One of the 5 
injected mice, killed during the 4th 
week, showed complete consolidation of 
the right middle and azygous lobes of 
the lung in addition to diffuse involve- 
ment of the other three lobes. As indi- 
cated elsewhere* this distribution of 
consolidation in the Princeton 
strain of mice is pathognomonic of 
endemic pneumonia. 


lobar 


There was no 


further indication of a dual relationship, 


however, until contact experiments 
were made. 

In one experiment, not previously 
mentioned, contact was established be- 
tween injected and normal mice, weigh- 
ing 20 to 25 g, and maintained for 4 
months. During the period of contact 
three of the injected and one of the 
exposed mice died. 

After contact was discontinued the 
survivors were killed and autopsied. The 
two injected mice showed two types of 
pneumonia, lobar and infiltrative, and 
in addition, bilateral otitis media. A 
single passage in mice resulted, how- 
ever, in the acute reaction character- 
istic of WRP. Two of the contact mice 
also showed pneumonia which in one 


3. Nelson, J. B. 1947, J. Exper. Med. 84: 7-14. 


case was the lobar type accompanied by 
otitis, and in the other case was the in- 
filtrative type without otitis. Lung sus- 
pensions from these mice reproduced the 
respective types of reaction on passage. 
The lungs of the two remaining contact 
mice were normal in appearance and in- 
active on passage. 

The outcome of the contact experi- 
ment indicated the presence of two dif- 
ferent agents, one associated with en- 
demic pneumonia and the other with 
WRP. These agents coexisted in the 
injected mice but were segregated in the 
contacts. Additional evidence of this 
dual relationship was afforded by the 
results of viability tests. 


The effect of storage at low temperature on 
the activity of lung suspensions 

The 10% lung suspensions from mice 
infected with WRP were stored in the 
refrigerator at a temperature of 35-38 F 
for varying periods and their activity 
determined by nasal instillation in mice. 
Four different suspensions which in- 
itially produced WRP in mice failed to 
do so on storage for 7 days. The test 
mice, which were held under observa- 
tion for two weeks and then killed, were 
all normal at autopsy. Composite lung 
suspensions made from 2 of the 4 groups 
of mice were also noninfective on pas- 
sage. One additional experiment was 
carried out with a lung suspension re- 
inforced with 10% horse serum. After a 
week's storage in the refrigerator, it like- 
wise failed to infect mice. 

A 10% lung suspension was also 
tested at daily intervals following re- 
frigeration. Mice injected with this 
suspension after two and three days 
storage showed a prumpt response with 
typical manifestations of WRP. After 4, 
5, 6, and 7 days storage it failed to pro- 
duce a specific reaction in mice. How- 
ever, two mice of the group originally 
injected on the 4th day of storage and 
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autopsied 4 weeks later showed com- 
plete consolidation of the azygous lobe 
of the lung. A single passage from these 
mice likewise resulted in the lobar type 
of reaction together with otitis media 
characteristic of endemic pneumonia. 

A number of lung suspensions were 
also frozen and stored under dry ice. 
One sample was tested after 2, 4, and 8 
weeks storage and showed no apparent 
loss in activity. A typical response was 
promptly elicited in all of the injected 
mice. 

Two samples were tested after pro- 
longed storage under dry ice. The first 
suspension was made from the 32nd 
mouse passage and had been preserved 
in a frozen state without disturbance for 
12 months. In the first mouse passage 
after storage, 1 of the 5 test mice 
showed a slight pneumonia without 
symptoms 10 days after injection. 


Transfer from this mouse resulted, how- 
ever, in a prompt and typical response 


as did subsequent passages. The second 
suspension was made from the second 
passage in mice and had been stored 
under dry ice for 20 months. In the first 
subsequent passage, 4 of the 5 injected 
mice showed a very slight pulmonary re- 
action, which was barely recognizable at 
autopsy on the 11th day. In the second 
passage a typical infiltrative pneumonia 
was prodiiced in 2 of the 5 mice, and in 
the following passages all of the mice 
were similarly affected. 


Titration of the active agent in 
mouse lung suspensions 

Activity titrations were made with 
composite lung suspensions from mice 
killed on the 5th to the 7th day of the 
specific disease. 

The 10% lung suspensions, prepared 
by weight, were spun at low speed, ap- 
proximately 500 r.p.m., in a horizontal 
centrifuge for 30 minutes to remove 
coarse tissue particles. Tenfold dilutions 
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of the supernatants were tested by nasal 
injection in 10 to 12 g mice following 
anesthetization with ether. Five mice 
were used with each of the dilutions 
which ranged from 2X10-? through 
10-* or 10-7. The volume of the inocu- 
lum, 0.05 ml, was included in the dilu- 
tion figure. The mice were held under 
observation for two weeks, when the 
survivors were killed and autopsied. 

In 4 experiments the final dilutions 
which produced manifestations of WRP 
at autopsy in one or more mice were 
10-4, 10-*, 10-5, and 10-5, respectively 
Symptoms were generally not apparent 
in mice injected with the higher dilu- 
tions, beginning with 10-*. At autopsy, 
however, the lungs showed a pneumoniz 
reaction which was characteristic in ap- 
pearance but commonly less diffuse 
than normal. Passage of the limiting 
dilutions regularly initiated a prompt 
response in the injected mice whereas 
the next highest dilutions were innocu- 
ous. 


The differentia: sedimentation of 
mouse ling suspensions 

Differential sedimentation was at- 
tempted as a possible means of separat- 
ing the two agents present in mouse lung 
suspensions and also as an index of the 
size range of the specific agent.* Earlier 
observations on endemic pneumonia had 
indicated that the virus-like agent was 
largely removed from suspension by 
spinning at a rate of 9000 r.p.m. for 30 
minutes in a Pickels type centrifuge.‘ In 
preliminary experiments with WRP 
suspensions employing a somewhat 
lower rate of sedimentation in the same 
centrifuge, 7000 r.p.m. for 30 minutes, 
it was found that the active agent was 
about equally divided between the 


* The writer is indebted to Dr. Roger Herriott 
for his advice on the sedimentation tests. 
4. Nelson, J. B. 1946, J. Exper. Med. 84:-15-23. 
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supernatant and the sediment after the 
latter was resuspended in sufficient dil- 
uent to restore the original volume. The 
general methods outlined in the preced- 
ing section on titration were followed in 
these and the subsequent tests. In two 
additional experiments with the Pickels 
centrifuge the titers of the supernatant 
and the sediment were 10-* and 10~, re- 
spectively. The procedure resulted in 
approximately a tenfold loss in activity, 
the titers of the two original suspensions 
being 10~* and 107. 

Sedimentation in the Pickels centri- 
fuge removed a considerable amount of 
extraneous material resulting in a super- 
natant which was slightly colored but 
nearly water clear. Since a detectable 
amount of the specific agent was still 
present in these supernatants, they were 
subjected to additional sedimentation 
in a Blum type centrifugef at a rate of 
18,000 r.p.m. (30,000 to 50,000 X¢) for 
30 minutes. The small pellet which re- 
sulted was brought to the original vol- 
ume of the suspension with buffered 
saline solution (py 7.4) on removal of 
the supernatant, and the two fractions 
were tested for activity. 

The first high speed sedimentation 
test was carried out with a ‘‘Pickels”’ 
supernatant that had been held over- 
night in the refrigerator at 35 F. After 
sedimentation in the Blum centrifuge 
the supernatant was active in one di- 
lution only, 2X10-*. The same dilution 
of the sediment was inactive. The titer 
of the criginal ‘“Pickels’’ supernatant 
prior to storage was 10~*. A 10% lung 
suspension prepared from the mice in- 
jected with the active dilution of the 
“Blum” supernatant was stored under 
dry ice and used either directly or on 
passage in all of the subsequent work. 
Additional experiments were made 


t The two electrically driven angle centrifuges 
differ in that the Blum type is operated in a 
vacuum. 


with the Blum centrifuge using freshly 
prepared ‘‘Pickels’’ supernatants. The 
results were essentially a duplication of 
those following low speed sedimenta- 
tion, the active agent being equally 
divided between the supernatant and 
the sediment. In two tests the titers 
of the respective ‘“‘Blum’’ fractions were 
the same, 2X10-* and 10-*. The titers 
of the corresponding ‘‘Pickels” super- 
natants were 10-* and 10. 

A number of experiments designed to 
favor development of the virus-like 
agent associated with endemic pneu- 
monia were carried out with lung sus- 
pensions from mice injected with the 
first “Blum” supernatant. Three of 
these tests were made with suspensions 
which had been stored for 5 days in the 
refrigerator at 35 F. The injected mice 
were held under observation for 4 weeks 
and then killed. In two of the tests mice 
weighing 20 g were placed in contact 
with injected ores of the same weight 
and killed 9 weeks later. At autopsy 
there was no indication of endemic 
pneumonia in any of the 25 mice that 
were used in the combined tests. With 
the exception of three contact mice 
which showed a pulmonary reaction of 
the infiltrative type the lungs were nor- 
mal and the middle ears uninvolved. 


Misceilaneous observations on the 
properties of mouse lung 
suspensions 


Additional unrelated experiments 
which were carried out in an endeavor 
to ‘urther characterize the causal agent 
of WRP are considered together because 
of the uniformly negative or inconclu- 
sive findings. Active 10% lung suspen- 
sions previously clarified by low speed 
sedimentation in a horizontal centrifuge 
were used in these tests. 

Filterability—Five different lung sus- 
pensions in nutrient bouillon or buffered 
saline solution (pH 7.4) were filtered 
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through Berkefeld V candles. All of the 
filtrates were innocuous on subsequent 
nasal instillation in mice. 

Cultivation in embryonated eggs.— 
Chorioallantoic, allantoic, and yolk sac 
inoculations were made in 7 to 10 day 
embryonated hens’ eggs with 6 different 
lung suspensions. Additional transfers, 
up to 8 in number, were carried out at 
intervals of 3 to 7 days in each instance. 
With the exception of bacterial over- 
growths in a few eggs the inoculations 
had no demonstrable effect on the em- 
bryo or its supporting membranes. 
Membrane suspensions and _ allantoic 
fluid regularly failed to infect mice on 
nasal instillation. 

Red cell agglutination.—One per cent 
suspensions of washed red blood cells 
from normal mice were added to an 


equal volume of twofold dilutions, 


through 1:128, of unheated and heated 
lung suspensions (70 C for 30 minutes). 
There was no cellular agglutination 


after incubation at 37 C for one hour or 
after overnight storage in the cold. 
Protection tests —Reinjection experi- 
ments were not made in young mice 
weighing 10 to 12 g, since there was no 
indication of natural recovery or of 
pulmonary resolution. As already noted, 
the course of WRP in older mice tended 
to be prolonged and a few individuals 
survived. However, to date only 4 ap- 
parently recovered mice in this age 
group have been available for retesting. 
These mice had shown symptoms fol- 
lowing the initial injection, but 8 weeks 
later were normal in appearance, did not 
chatter, and weighed 22 to 26 g. At this 
time the 4 survivors and 5 normal mice 
of approximately the same weight were 
injected intranasally with an active lung 
suspension. The control mice showed 
characteristic symptoms which began 
on the 7th day and continued through 
the 21st day when they were killed. The 
average loss in weight during the period 


of observation was 1.5 g. At autopsy 
there was uniformly an infiltrative in- 
volvement of the lung with edema. The 
reinjected mice showed no symptoms 
and were normai in appearance when 
killed on the 21st day, their weights re- 
maining stationary. At autopsy three of 
the mice showed only minute scar-like 
areas in the lung with no frothing. 
Similar areas were also present in the 
lung of the 4th mouse, but in addition 
there was a characteristic though much 
reduced reaction of the infiltrative type. 
These results suggest that older mice 
may at times develop a low grade im- 
munity. 


DISCUSSION 


The preceding experimental observa- 
tions indicated that the nasal injection 
of lung suspensions from mice infected 
with WRP was regularly followed by an 
infiltrative pulmonary reaction charac- 
teristic of the specific disease, but was 
also occasionally followed by a lobar 
consolidation of the lung pathogno- 
monic of endemic pneumonia. The latter 
type of reaction continued to appear at 
intervals during the early work but was 
observed only in mice which had been 
held for a period of 4 weeks or longer 
after injection. It should be emphasized 
here that pleuropneumonia-like organ- 
isms were not isolated from the lungs 
of the mice in which a diagnosis of 
endemic pneumonia was made and also 
that this disease has never been ob- 
served under natural conditions in the 
Princeton strain of mice. It is highly 
probable that the virus-like agent as- 
sociated with endemic pneumonia was 
present in the initial suspension from 
the lungs of the young wild rat together 
with the specific agent of WRP and 
that subsequent nasal passage in mice 
was followed by the development of 
both agents. The fact that manifesta- 
tions of endemic pneumonia were not 
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apparent in mice killed shortly after in- 
jection may be referable to the slow on- 
set of the disease, though a possible 
suppressive effect by the specific agent 
of WRP was not excluded. 

There was no evidence that the 
causal agent of WRP was bacteriologi- 
cally cultivable, or demonstrable as a 
particulate entity by light microscopy, 
though its multiplication was obviously 
well supported in the respiratory tract of 
the mouse. The course of the disease in 
mice was not altered by exposure of the 
agent to antibiotics prior to nasal injec- 
tion. It was partially separated from the 
tissue components of mouse lung sus- 
pensions by differential sedimentation. 
The distribution of the agent in sedi- 
mented suspensions was somewhat ir- 
regular but suggested that its size was 
below the range of elementary bodies. 
The tissue response to the pathogenic 
action of the agent in the lungs of mice 
and rats was predominantly lympho- 
cytic. On the basis of these character- 
istics it seems proper to classify the 
causal agent of WRP as a virus, with 
special affinity for the respiratory tract, 
despite the lack of additional supporting 
evidence. 

The partial purification of lung sus- 
pensions by sedimentation at high speed 
apparently resulted in a separation of 
the two infective agents. The results of 
subsequent experiments indicated that 
only the virus of WRP was present in 
the supernatant of suspensions sedi- 
mented at 18,000 r.p.m. A sufficient 
number of observations have not been 
made, however, to conclude that the 
separation was complete. Mice injected 
with suspensions which presumably con- 
tained only the specific agent showed no 
modification of the manifestations at- 
tributed to WRP. 

Observations on large colonies of mice 
have been made in this laboratory over 


a period of years without previously en- 
countering the disease complex peculiar 
to WRP. It is well known, however, that 
the lungs of white mice are particularly 
vulnerable to microbiai attack and a 
wide variety of naturally or experimen- 
tally acquired pneumonias have been 
described. Appraisal of these pneu- 
monias in comparison with WRP indi- 
cated a resemblance only to the grey 
lung disease of Andrewes and Glover. 
Both diseases are of virus origin, are 
pneumotropic, and are characterized 
by an interstitial pulmonary reaction to- 
gether with edema of the lung. Grey 
lung disease, however, seems to be less 
acute than WRP and the virus titer is 
significantly higher. The two diseases 
appear to be closely related but a direct 
comparison has not been made. It is of 
interest that WRP and the two strains 
of grey lung disease were all originally 
obtained from hosts other than the 
mouse and different in each case. 


SUMMARY 


The results of prolonged transmission 
experiments in mice indicated that the 
virus-like agent associated with endemic 
pneumonia was present in the original 
rat lung suspension together with the 
specific agent of WRP. 

The two agents were apparently 
maintained in the lungs of mice by 
subsequent nasal passage but were 
finally separated by high speed sedimen- 
tation. 

On the basis of its described biological 
characteristics the specific agent of 
WRP was classified as a pneumotropic 
virus. 

The possible relation of this agent to 
the grey lung virus of Andrewes and 
Glover is discussed. 


5. Andrewes, C. H. and Glover, R. W. 1945, 
Brit. J]. Exper. Path. 26: 379-387. 
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Coggeshall! found that sulfanilamide 
cured monkeys infected with Plasmo- 
dium knowlest. Chopra, Hayter and 
Sen? studied the effect of sulfapyridine 
on Plasmodium vivax and Plasmodium 
falciparum and concluded it was anti- 
malarial. Coggeshall, Maier and Best? 
reported successful treatment of P. 
vivax and P. falciparum with prominf 
and of P. vivax, P. falciparum and P. 
malariae with sulfadiazine. They con- 
cluded that these drugs were active but 
should not be given in preference to 
quinine or atabrine. Johnson‘ found sul- 
fadiazine to be active against P. 
malariae. 

Coggeshall, Porter and Laird*® and 
Coatney and Cooper® found that sul- 
fadiazine and certain other sulfonamides 
completely protected chickens from in- 
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fection with Plasmodium gallinaceum 
sporozoites. Smaller doses delayed the 
appearance of parasites in the blood, an 
effect that did not occur with high doses 
of quinine or atabrine. 

At a time when it seemed possible 
that a sulfonamide prophylactic for 
human malaria might be found, we 
undertook to study the blood levels re- 
quired to protect chickens from infec- 
tion with sporozoites of P. gallinaceum 
in the hope that such studies would speed 
the finding of an effective prophylactic 
for malaria. 

Although the search for a prophylac- 
tic drug for human malaria was unsuc- 
cessful,? we believe these observations 
will be interesting to other workers in 
the fields of experimental therapeutics 
and malaria. 


MATERIALS AND METHODS 


The sulfonamides were administered in drug- 
diet mixtures. Two-week old white leghorn 
chickens were maintained on a schedule of alter- 
nate three-hour light and dark periods. The drug- 
diets were fed for 7 days starting two days before 
the injection of sporozoites. Blood samples (0.02 
ml) were taken at the end of a light period and of 
a dark period on each day in the earlier experi- 
ments and on alternate days in the later experi- 
ments. The sulfonamides were determined by the 
method of Bratton and Marshall.® 

The 8Aq strain of P. gallinaceum was used. 
Heavily infected mosquitoes, Aédes aegypti, were 
used to infect the chickens. The required number 
of mosquito salivary glands were suspended in a 

{Designated by the American Society of Para- 
sitologists. 

7. Wiselogle, F. Y. 1946, A Survey of Antima- 
larial Drugs 1941-45, Ann Arbor, J. W. Ed- 
wards. 

8. Bratton, A. C. and Marshall, E. K., Jr. 1939, 
J. Biol. Chem. 128: 537-550. 
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mixture of equal parts of chicken serum and dis- 
tilled water. They were macerated in a glass mill 
made of two closely fitting ground glass tubes. 
The sporozoites were injected intravenously. 
Each chicken received the equivalent of the 
salivary glands of one mosquito in 0.2 ml of fluid. 
Blood smears were made from the 6th to the 21st 
day after injection. Three ml of blood from each 
chicken not having demonstrable parasites in the 
blood by the end of the third week were injected 
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their food are shown. In the first ex- 
per‘ment the food was weighed each 
day and it was found that the amounts 
used per chick per day were as follows: 
sulfadiazine, 18.5 g (0.5%), 16.2 g 
(0.25%), 17 g (0.12%) and 17.2 g 
(0.06%), respectively; sulfamerazine, 31 
g, 15.2 g, 15.8 g, 17.3 g; sulfapyrazine, 


TABLE 1.—Sulfonamide concentration in mg per 100 ml of blood of chickens fed 
various drug-diet mixtures. 


Drug % 
concentration yciained 
in diet 


85% 68 % 
4.9 5.4 
56% 61% 

Sulfadiazine 
3.0 


‘ 3.3 
74% 


3.3 , 
78% 71% 
1.7 1.6 1.8 


. ; 1.3 
89% 61% 80% 


44% 
18.9 
77% 


19.0. 


78% 


14.4 
74% 


6.1 6.5 
69% 61% 


79% 


$.1 
73% 


2.7 
61% 


6.8 
75% 
Sulfamerazine 

2.4 2.6 
55% 66% 


0.7 


27% 


8.5 
84% 


3.2 
60% 


0.7 0.8 1.6 
27 % 67 % 63% 


9.2 
73% 


7.9 
96 % 


7.4 7. $.9 
87 % 81% 80% 


4.9 4.7 4.7 4.3 
92% 86% 88% 100% 


Sulfapyrazine 


2.2 


weer 
79% 


2.6 2.2 
89% 78% 


1.7 
83% 


Days after injection of sporozoites 


19.1 


Weight 

gain ing 
per day 
per 100 g 


14.3 9.2 


81% 
6.3 
93% 
2.9 
63% 


‘ 


:. 6 
89% 


3. 
73% 


18.6 
83% 


20.2 
92% 

6.9 
97% 


6.4 
76% 


2.6 3.1 
56% 65% 


2.8 
60% 
_ 0.8 

36% 


8.5 7.9 
89% 1 


0.9 
44% 


5.6 
93% 


‘ 


4.0 4 4.4 


1.9 
94% 


: 2.1 
81% 84% 


* Each value represents two samples from each of 5 chickens. One sample was taken at the end of a light period, the 
other at the end of a dark period. The figure in italics is the mean value at the end of the dark period expressed as a per- 


centage of the mean value at the end of the light period. 
t Twelve hours after drug diets were stopped. 
¢ Twenty-four hours after drug diets were stopped. 


The mean weights of the groups at the beginning of the experiment were as follows: 78, 79.77, 88, 83, 81, 80, 81, 79, 82 


and 80 g, respectively. 


intravenously into a normal chicken to detect 
subpatent infections. In no case did a chicken 
that remained negative by blood smear for three 
weeks prove to be infected. 


EXPERIMENTAL RESULTS 
In table 1 the concentrations of sul- 
fadiazine, sulfamerazine and sulfapyra- 
zine in mg of drug per 100 ml in the 
blood of chickens throughout the period 
of administration of 0.5%,0.25%, 0.12% 
and 0.06% of the drugs mixed with 


19 g, 18.2 g, 14.8 g and 15 g. In general, 
these values are uniform except for 
sulfamerazine at 0.5%, in which in- 
stance about double the usual amount 
was used. We, like other workers, have 
frequently observed that certain groups 
are particularly wasteful of the food. 
This factor makes any attempt to de- 
termine the amount of drug actually 
ingested very uncertain. 

Since it is difficult to obtain precise 
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measurements of the food intake be- 
cause of the varying amounts of waste 
that occurs, the weight changes of the 
chickens are a better criterion of the 
amount of drug ingested. As shown 

TABLE 2.—Sulfonamide concentrations of the 
blood of individual chickens. 





Mean con- 
centration drug concen- 
of drug in tration in 
blood* bloodt 


Range of 
Drug and % 
in diet 


Sulfadiazine 3 
0.1% 
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* Each figure represents one chicken. 
+ These figures are the maximum and minimum values 
observed in each chicken. 


in table 1, the weight gained by the 
chicks varied from 6.5 g per 100 g 
per day with 0.5% sulfamerazine to 
10.1 g with 0.12% sulfadiazine. The 
variation seems to have no relation to 
the dose or to the drug used. 

The 


sulfonamide determinations 


shown in table 1 were made on pooled 
samples of blood obtained from groups 
of 5 chickens. Hence no estimate of the 
individual variations can be made. In 
table 2 the sulfonamide determinations 
were made individually after combining 
the two samples from each chicken. In 
10 chickens fed 0.1% sulfadiazine the 
values varied from 2.1 to 3.7 mg per 
100 ml, and for 0.3% sulfamerazine, 
from 8.3 mg to 14.9 mg, a difference in 
each case such that the lowest is about 
one half of the highest value. This is 
very close to the corresponding ratio of 
the minimum and maximum increases 
in weight and is probably a measure 
of the amount of drug ingested. 

The data reported in this paper in- 
volved 13 experiments in each of which a 
series of 5 to 10 chickens served as con- 
trols and groups of 5 chickens were 
treated with various concentrations of 
sulfadiazine and other sulfonamides. For 
convenience the data are tabulated with 
respect to the drugs in tables 3 and 4. 

In experiment 1 all 9 untreated con- 
trols had demonstrable parasites in their 
erythrocytes on the 7th or 8th day after 
injection of sporozoites. By the 9th day 
5 to 41% of the red cells were parasitized. 
At the end of three weeks 6 chickens had 
died and 3 had recovered. At 0.5% in 
the diet, sulfadiazine, sulfamerazine 
and sulfapyrazine completely protected 
all the chickens. At 0.06% only sulfapyr- 
azine was protective. Results of this 
experiment are found in tables 1 and 3. 

Additional data were obtained on the 
three sulfonamides already named and 
on sulfamethazine. These experiments 
are summarized in table 5. The number 
of chickens on which this table is based 
is not large enough to permit a precise 
determination of the relative activities 
of these drugs. However, the data do 
indicate that these drugs are active in 
this order: sulfapyrazine, sulfadiazine, 
sulfamethazine, sulfamerazine. The con- 
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TABLE 3.—The antimalarial effect of sulfonamides against sporozoile-induced 
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Class B-sulfapyrazine (N'-2-pyriziny!] sulfanilamide) and derivatives. 
Class C-sulfathiazole (2-sulfanilamido thiazoline) and derivatives. 


Class D-miscellaneous. 

* $22 4'-(2-thiazolyl sulfamy])-phthalanilic acid. 
#2 N'-2-quinoxaly] sulfanilamide (sulfaquinoxaline). 
#24 3’-chloro-4’ diamethylamino-sulfanilanilide. 


+t The Survey number is the number assigned to the compound in A Survey of Antimalarial Drugs 1941-1945, edited by 


F. Y. Wiselogle and published by J. W. 


Edwards at Ann Arbor, Michigan. 


} We have referred to the ring attached to the amide nitrogen as the secondary ring. The carbon atom so attached is 


called 2. 


The mean incubation periods for the untreated controls in experiments 1-8 were 7.1, 


respectively. 


centrations in the blood required to pro- 
tect 50% of the chickens were: sulfapy- 
razine, about 2.6 mg per 100 ml of 
blood; sulfadiazine, about 3.1 mg; sul- 
famethazine, about 4.7 mg; and sul- 


7.4, 8.1, 7.0, 8.6, 7.0, and 9.6 days, 


famerazine, about 7 mg. 

These 50% effective doses were de- 
termined graphically by plotting on 
logarithmic probability paper the con- 
centrations in the blood against the per 
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TABLE 4.—The antimalarial effect of sulfonamides against sporozoite-induced 
Plasmodium gallinaceum infections in chickens from source 2. 
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Class A-sulfadiazine (N'-2-pyrimidy] sulfanilamide) and derivatives. 
Class B-derivatives of N'-4-pyrimidyl sulfanilamide. 
Class C-sulfapyrazine (N'-2-pyrizinyl sulfanilamide) and derivatives. 
Class D-derivatives of sulfanilanilide. 
Class E-derivatives of 1-sulfanilyl-2-thiopseudourea. 
Class F-sulfathiazole (2-sulfanilamide thiazoline) and derivatives. 
* #48 p-(3-bromo-5,6-dimethyl-2-pyrazinyl-sulfamyl) acetanilide. 
#57 N'-(4-ethyl-4,5-dihydro-2-thiazolyl) sulfanilamide. 
#58 N'-(4,5-dihydro-4-methyl-2-thiazolyl) sulfanilamide. 
#59 N!-(4,5-dihydro-5-methyl-2-thiazolyl) sulfanilamide. 
#61 N'-(4-dimethylaminomethy])-4,5,6,7-tetrahydro-2-benzothiazolyl) sulfanilamide. 
#62 N'-(4-(1-piperidylmethyl)-2-thiazolyl) sulfanilamide. 
#63 N}, N!’-(2-hydroxytrimethylene) bissulfanilamide. 
#64 1-(N-acetylsulfanilyl)-2-tertbutyl-2-thiopseudourea. 
#05 2-benzyl-1-sulfanilyl-2-thiopseudourea. 
#66 2-isobut yl-1-sulfanilyl-2-thiopseudourea. 
#67 p-(2-pyrazinyl-sulfamyl) succinanilic acid. 
The mean incubation periods for the untreated controls of experiments 9 through 15 were 7.0, 8.4, 7.6, 8.0, 7.0, 8.2, and 
7.6 days, respectively. 





PROPHYLAXIS OF 


cent of chickens protected. In doing this, 
advantage was taken of the fact that in 
experiments 2, 4 and 6 the sulfonamide 
determinations were made separately on 
samples from each chicken. This made 
possible a more accurate determination 
of the 50% effective concentrations be- 
cause the chickens could be grouped ac- 
cording to the amount of drug found in 
the blood of each chicken instead of ac- 
cording to the amount of drug inthe diet. 
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served an increase in the ability of sul- 
fadiazine to protect against malarial 
infections. This made necessary the 
routine use of a lower concentration 
(0.03%) of sulfadiazine for comparison. 
After changing the source of chickens, 
1.4 mg per 100 ml protected 4 out of 5 
chickens, 1.2 mg protected 2 out of 5 
and 0.8 mg protected 2 out of 10. Pre- 
viously with the old strain of chickens 
1.7 mg protected only 1 out of 10 and 


TABLE 5.—The relative prophylactic effect of sulfadiazine, sulfapyrazine, sulfamethazine 





and sulfamerazine against sporozoite-induced Plasmodium gallinaceum infections. 


Concentration 
Drug i 


Sulfadiazine 


Sue 


Sulfapyrazine 


CN com! 


Sulfamethazine 


oko NwUo 


Sulfamerazine 


— 


6 
7 
5 
9.0 
2.$ 
8.3 
6.5 
2.8 


* Determined graphically on logarithmic probability paper. 


The data on which these 50% effective 
concentrations were determined are 
found in table 5. 

Sixty-one other sulfonamides were 
tested as prophylactic agents against P. 
gallinaceum. Nineteen were capable of 
protecting chickens from infection in 
the doses used. In most instances 0.5% 
was the maximum dose used. Most of 
the drugs were active, in the sense of 
delaying the appearance of parasites in 
the blood, but most of them were in- 
ferior to sulfadiazine. Many did not 
attain a high concentration in the blood. 

Between experiments 8 and 9 we 
changed our source of chickens because 
of Salmonella pullorum infections. The 
new strain of chickens proved free of 
this disease. With the new strain we ob- 


o N 50% prophylactic 
ie blood level* 
cnickens mg /100 ml 


VENA OW 


2.2 mg protected none out of 5. In ex- 
periment 7, 2.9 mg protected only 1 
out of 5 and 1.8 mg protected only 
1 out of 5. Evidently the pullorum-free 
strain of chickens was able to resist the 
malarial infection with the aid of less 
sulfadiazine. This emphasizes the im- 
portance of sulfadiazine controls in ex- 
periments of this sort. 

Because of this strain difference it is 
necessary to consider the drugs in two 
groups. Those tested with the old strain 
are found in table 3 and those tested 
with the new strain are found in table 4. 

In this connection the variability of 
the control infections throughout the 
series of tests may be considered. The 
mean incubation period of the controls 


varied from 7 to 9.6 days in the first 
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strain of chickens and from 7 to 8.4 
days in the second strain. The extreme 
variation within a group of controls was 
two days. In the majority of instances 
there was a difference of only one day 
within a group. The mean prepatent pe- 
riods of the untreated controls are found 
in tables 3 and 4. 

In determining the incubation period 
we have used the first day on which 5 
or more parasites were found in 50 mi- 
croscopic fields, or about 5000 red blood 
cells. By prolonged searching it was 
usually possible to find a few parasites 
on earlier days, but inasmuch as there 
was a sudden striking increase in the 
number of parasites in the blood at 
about the end of the first week of the 
infection, it was much more convenient 
to use a higher level of parasitemia. 


DISCUSSION 


In this series of experiments the ad- 
vantages and disadvantages of the drug- 
diet method of dosage are clearly evi- 


dent. The drug was administered 
throughout 24 hours of the day, and a 
fairly uniform blood concentration was 
usually maintained but sometimes 
dropped to a relatively low level. In 
table 2, for example, although the mean 
concentration of sulfadiazine in the 
blood of individual chickens ranged from 
2.1 to 3.7 mg per 100 ml, the minimum 
blood concentrations varied from 0.7 to 
3.4 mg. Since these values are averages 
of the amounts present at the beginning 
and end of a dark period, the concen- 
tration at the end of the dark period was 
even lower. Another disadvantage is 
the variation from chicken to chicken 
fed the same concentration of drug. In 
fact, the highest and lowest values 
differ by a factor of almost 2 (table 2). 
For these reasons the drug-diet method 
is not ideally adapted to studies of 
dose-response relationships. However, 
the results indicate that when judged 


on the basis of the concentrations in 
the blood required to protect 50% of the 
chickens the druys are active in this 
order: sulfapyrazine, sulfadiazine, sul- 
famethazine and sulfamerazine. 

It occurred to us that the differences 
in activity of these drugs may be due, 
in part at least, to differences in the 
rapidity with which the drug concentra- 
tion falls during periods in which the 
chickens do not eat. Although the drug- 
diet mixtures were constantly before 
the chickens and although they ate 
voraciously and almost constantly dur- 
ing the light periods, there were periods 
of varying length during which they did 
not eat. If during these periods one drug 
were more rapidly excreted or destroyed 
than another, it might account for the 
differences in antimalarial activity. It 
will be recalled that the 4 drugs studied 
most extensively were active in this 
order: sulfapyrazine (2.6 mg per 100 ml 
to protect 50% of the chickens), sul- 
fadiazine (3.1 mg), sulfamethazine (4.7 
mg) and sulfamerazine (7.0 mg). It 
proved interesting to consider the 
the figures that express the amount of 
drug at the end of a dark period as a 
percentage of that at the beginning of a 
dark period. This, of course, is a meas- 
ure of the persistence of the drug in the 
blood. These values are, from table 1, 
sulfapyrazine, 84%, sulfadiazine, 76%, 
sulfamerazine, 60%. The percentages 
used are the ones corresponding most 
nearly to the concentration of sulfapyr- 
azine that protected 50% of the chick- 
ens because it is desired to determine 
why other drugs do not afford protec- 
tion at this level. For example, the fig- 
ure 76% for sulfadiazine was used be- 
cause it corresponds to 3.1 mg per 100 
ml of blood, which is closest to the dose 
of sulfapyrazine that protected 50% of 
the chickens. Data on the persistence of 
sulfamethazine was not obtained. That 
sulfamerazine tends to disappear from 
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the blood more rapidly at lower concen- 
trations is seen in the progressive de- 
crease in mean percentage values (83%, 
76%, 60% and 44%) as the dose of the 
drug decreases. That sulfapyrazine tends 
to be retained in the blood even at low 
dosage levels is seen in the magnitude 
and uniformity of the ratios through- 
out the dosage range, i.e, 79%, 87%, 
87%, 84%. The greater retention of 
sulfapyrazine was also observed 12 
hours and 24 hours after the period of 
drug administration ended, as shown in 
table 1. 

From an examination of tables 3 and 
4 it is clear that the relative antimalar- 
ial activity of these sulfonamides does 
not depend solely on their concen- 
tration in the blood. Many of them are 
less active than their parent substances 
in terms of their antimalarial activity at 
a given concentration in the blood. To 
cite some striking examples, drug #5, 
although it occurred at a concentration 
of 7.5 mg per 100 ml, protected none 
of the chickens but caused an average 
delay of 5 days in the appearance of 
parasites. Drug #12 at 4.7 mg per 100 
ml had only the slight effect of delaying 
the appearance of parasites one day, 
as did #30 at a 3.4 mg level. Drugs #28 
at 2.9 mg, #15 at 2.4 mg, #10 at 1.3 mg, 
#7 at 1.2 mg and #50 at 1.2 mg per 100 
ml were without effect. 

On the other hane, drug #34 at 1.7 
mg,caused a delay of 3 days; #21 and 
#33 at 1.6 mg a delay of 3 days. Drug 
#59 at 2 mg caused a 4 day delay. 
Drug #46 at 1.1 mg caused a delay of 
¥:5 days, #60 at 0.9 mg caused a delay 
of 3.5 days, #67 at 0.7 mg caused a delay 
of 5.5 days and #51 at 0.6 mg caused a 
delay of 2.5 days. Sulfadiazine at 0.3 
mg caused a delay of 4.5 days in the 
appearance of parasites. We conclude 
that the activity of sulfonamides against 
P. gallinaceum cannot be predicted 
from their concentration in the blood 


after oral administration. 

The relation of structure to activity.— 
The derivatives of N'-pyraziny}-sulfanil- 
amide (sulfapyrazine) are consistently 
more active than other drugs of com- 
parable concentration in the blood. This 
is seen in tables 3 and 4 where drugs 
#20, 45, 46, 47, 48 and 49 make up this 
group. Among the derivatives of sul- 
fadiazine those in which alkyl substit- 
uents are connected to the pyrimidine 
ring through an ether linkage are nota- 
bly poor in activity. This group consists 
of drugs #6, 7, 8, 9, 10, 14, 15 and 16 in 
table 3 and #27, 28, 30, 36, 37 and 38 in 
table 4. It is noteworthy that similar 
derivatives of N'-4-pyrimidy] sulfanil- 
amide are quite active, i.e., #40 and 42 
in table 4. 

All the derivatives of 1-sulfanilamido- 
thiazoline (sulfathiazole) were active, 
i.e., $58, 59, 60, 61 and 62 in table 4. 
The derivatives of 1-sulfanilyl-2-thio- 
pseudourea did not attain high concen- 
tration in the blood, but they were less 
active than similar concentrations of 
sulfadiazine. They were drugs #64, 65 
and 66. Of the derivatives of sulfanilani- 
lide, drugs #50, 51, and 52, only the 3- 
cyano compound, #51, was active. 

The relation of structure to drug con- 
centration in the blood.—Among the 4-6 
substituted sulfadiazine derivatives, 
those in which one substituent is joined 
to the pyrimidine ring through oxygen 
but the other not so joined do not occur 
in high concentration in the blood. 

In those compounds in which both 
substituent groups are joined through 
oxygen the drugs occur in the blood at 
high concentrations, i.e., drug #12 in 
table 3 and #30 in table 4. As already 
noted, however, these drugs do not have 
a high degree of antimalarial activity. 
Among the derivatives of N!-4-pyri- 
midyl sulfanilamide the occurrence of 
one substituent linked through oxygen 
is not correlated with low concentration 
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in the blood nor with low antimalarial 
activity. 

Drug #22, N!-2-quinoxalyl sulfanila- 
mide, is notable for the high blood levels 
obtained with low doses. The lowest 
dose used, 0.03% in the diet, gave a 
mean blood level of 2.4 mg per 100 ml, 
and protected 4 out of 5 chickens. 


SUMMARY 


Data were obtained on blood concen- 
trations of various sulfonamides tested 
for prophylactic effect against the avian 
malaria parasite Plasmodium gallina- 
ceum. The mean concentrations in the 
blood required to protect 50% of the 
chickens were about 2.6 mg per 100 ml 
sulfapyrazine, 3.1 mg sulfadiazine, 4.7 
mg sulfamethazine and 7.0 mg sulfa- 
merazine. 


A correlation between prophylactic 
activity and persistence of the drugs in 
the blood was observed with sylfapyra- 


zine, sulfadiazine and sulfamerazine. 
Data on the persistence of sulfametha- 
zine were not obtained. 

Sixty-one other sulfonamides were 
examined for prophylactic activity and 
blood levels were determined. Nineteen 
were found to protect chickens from in- 
fection. Most of the others were active 
in the sense of delaying the appearance 
of parasites but were less active than 
their parent substances. 

The relation of chemical structure to 
blood level and to anti-malarial activity 
were discussed. 

A difference in the susceptibility of P. 
gallinaceum to sulfadiazine in 
strains of chickens was observed. 

Certain disadvantages of the drug- 
diet method were encountered, namely 
the difficulty of determining the amount 
of drug ingested and the wide variations - 
in blood level of chickens fed the same 
drug-diet mixture. 


two 





CROSS IMMUNITY STUDIES BETWEEN VIRUS STRAINS IN THE 
PSITTACOSiIS-LYMPHOGRANULOMA VENEREUM GROUP 
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From Camp Detrick, Frederick, Maryland 


Morphologically similar strains in the 
psittacosis-lymphogranuloma venereum 
group of viruses, producing minute, 
intra-cytoplasmic, coccoid elementary 
bodies, have been isolated from man,! 
ferrets,?, hamsters,’ mice,‘ parakeets, 
and many other avian species.* The 
close .ntigenic relationship between 
these virus strains that has been shown 
to exist by the complement-fixation 
test?:5:*!3 has not been borne out in the 
results of cross-immunity studies in ani- 
mals,!:2.8.14-16 

The results of active immunity stud- 
ies using selected virus strains within 
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the group have been reported by several 
investigators. Reciprocal cross-immu- 
nity has been demonstrated in mice be- 
tween the virus of meningopneumonitis 
(MP-Cal 10 or MP-F97 strains) and a 
strain of lymphogranuloma venereum 
virus.*6 Beck and Eaton™ have sug- 
gested that the ornithosis virus and the 
meningopneumonitis virus possess a 
broader antigenic stri cture than the 
psittacosis virus since the former two 
induced a more solid resistance to infec- 
tion when tested against homologous 
and heterologous virus strains in the 
group than did the latter. Correspond- 
ingly, it has been shown by animal tests. 
that there is little, if any, antigenic 
similarity between virus strain S-F 
(human pneumonitis) and several other 
viruses within the group (ornithosis, 
psittacosis, meningopneumonitis).'® 

Although these data as individual ex- 
periments appear significant, correlation 
of the results of various investigators is 
difficult not only because of differences 
in the techniques used to immunize and 
infect the test animals, but also because 
of the variations in the origin of the 
strains used for these studies. It there- 
fore appeared desirable to conduct a se- 
ries of experiments in which a repre- 
sentative group of well-known virus 
strains in the psittacosis-lymphogranu- 
loma venereum group were tested simul- 
taneously for complete homologous and 
heterologous cross-immunity. It is the 
purpose of this paper to report the re- 
sults of such a study in mice. 


MATERIALS AND METHODS 


Virus strains.—As many representative strains 
from avian and mammalian hosts as possible were 
included in- the studies. The following is a de- 
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scription of the nomenclature and origin of each 
strain. 

(1) Strain Cal 10, isolated in ferrets from hu- 
man throat washings by Francis and Magill;? 
strain S-F, isolated in 1940 from human cases by 
Eaton et al;! and Strain 12XN, isolated from 
hamsters by Dr. R. M. Taylor in Buenos Aires, 
were furnished through the courtesy of Dr. M. 
D. Eaton. 

(2) Psittacosis strains (6BC and Gleason) and 
ornithosis virus (P207)* were sent to us by Dr. 
K. F. Meyer. 

(3) The Borg strain was isolated by Olson and 
Larson" from an epidemic of severe pneumonitis 
in the Bayou region of Louisiana, and was sent 
to us by Dr. N. Topping. 

(4) Mouse pneumonitis (Greb) virus was sent 
to us by Dr. C. Nigg, who isolated it from ap- 
parently normal mice."* 

(5) A strain of lymphogranuloma venereum 
virus was obtained through the courtesy of Dr. 
D. J. Davis. 

Method of immunizing mice.—Groups of mice 
were immunized by a single subcutaneous inocu- 
lation of 0.5 ml of living virus. This route was 
selected in preference to the intraperitoneal route, 
since the latter was frequently observed to pro- 
duce a higher mortality of the treated animals 
when the more pathogenic virus strains were 
used. Normal mice of the same stock and age as 
those being treated were set aside as controls at 
the time the investigations were begun. 

Infection of test animals.—Intracerebral route: 
—Since most of the virus strains in this study 
possess low virulence for mice by the intraab- 
dominal route, intracerebral challenge of inocu- 
lated animals was employed for demonstration of 
the immune response. Approximately three 
weeks after inoculation, groups of treated mice 
were challenged by the intracerebral route with 
0.03 ml of virus suspensicn diluted in broth. The 
virus was from a stock yolk-sac suspension stored 
in a: dry-ice box. The titer of each virus suspen- 
sion was determined by the intracerebral mouse 
titration in control animals at the time of the 
experiment.!® 

Respiratory route:—Groups of treated mice, 
immunized subcutaneously with live virus, were 
tested for respiratory resistance by exposure to 
a virus aerosol in a cloud chamber apparatus.” 


17. Olson, B. J. ard Larson, C. L. 1944, U. S. 
Pub. Health Rep. 59: 1373. 

18. Nigg, C. 1942, Science. 95: 49. 

19. Reed, L. J. and Muench, H. 1938, Am. J. 
Hyg. 27: 493. 


20. Rosebury, T. et al. Microbiological Mono- 


The test animals were placed in the chamber and 
allowed to respire under normal atmospheric con- 
ditions. Normal control mice were included in all 
chamber exposures. 


” RESULTS 


Cross-immunity tests by the intracere- 
bral route.—Groups of mice, immunized 
by the subcutaneous route with a single 
0.5 ml injection of virus, were tested for 
active immunity three weeks later by 
the intracerebral inoculation of homol- 
ogous or heterologous virus strains in 
the psittacosis-lymphogranuloma ve- 
nereum group. The immunized mice 
were inoculated with virus strains psit- 
tacosis (6BC, Gleason), ornithosis 
(P207), Louisiana pneumonitis (Borg), 
human pneumonitis (S-F), and menin- 
gopneumonitis (Cal 10). The results are 
summarized in table 1. 

Psittacosis virus (6BC) induced con- 
siderable resistance against all 6 virus 
strains tested. The Gleason strain of 
psittacosis virus was somewhat less ef- 
fective against the same strains. In both 
cases the least protection was obtained 
against challenge with meningopneu- 
monitis virus and the Gleason strain of 
psittacosis virus. It seems somewhat 
strange to find less protection in the 
Gleason series against the homologus 
challenge than against, for example, 
6BC or Louisiana pneumonitis virus. In 
no series, however, was there found 
strong immunity to Gleason virus. 
Ornithosis virus immunized quite well 
against a homologous challenge and 
against human pneumonitis, Louisiana 
pneumonitis, and meningopneumonitis 
viruses, but less so against the two psit- 
tacosis strains. The results of the immu- 
nization with human pneumonitis virus 
(S-F) are in agreement with earlier find- 
ings'® wherein good protection was ob- 


graphs, vol. 1. Baltimore, Williams & Wilkins. 
(Publication of Soc. of Am. Bact.) 
21. Hilleman, M. R. 1945, J. Infect. Dis. 76: 96. 
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tained only against a homologous chal- 
lenge. Slight resistance was manifested 
against meningopneumonitis virus, but 
none at all against the other viruses 
tested. Louisiana pneumonitis virus also 
gave considerable protection against a 
homologous challenge and against hu 
man pneumonitis virus, less so against 
meningopneumonitis and _ ornithosis 
strains, and had an insignificant effect 
against the two psittacosis strains. 
Meningopneumonitis virus immuniza- 
tion protected well against all but the 
two psittacosis strains. 

Other groups of animals, not shown in 
the table, were immunized in the same 
manner with 10-* dilutions of living 
strains of lymphogranuloma venereum, 
mouse pneumonitis (Greb), and hamster 
pneumonitis (12XN), which amounted 
to 107-6, 104°, and 10% egg LDso doses, 
respectively. These mice were subse- 
quently challenged intracerebrally with 
the same doses of the six viruses shown 
in table 1. The only protection seen was 
against human pneumonitis virus, where 
the mortality ratios were 8/20, 5/17, 
and 3/20, respectively, in the three im- 
munized groups above. It was not possi- 
ble to perform reciprocal immunity 
tests, employing these strains as chal- 
lenge virus, because of their low viru- 
lence by the intracerebral route. 

Cross-immunity tests by the respiratory 
route.—Relatively little data are avail- 
able in the literature concerning respira- 
tory resistance to these viruses. Yana- 
mura and Meyer” list one group of six 
mice vaccinated with formalized psitta- 
cosis tissue culture material which 
showed no resistance to intranasal 
inoculation of virus, although strongly 
immune to intraabdominal challenge. 
Rudd and Burnet™ obtained similar 


Meningopneumo- 
nitis (Cal 10) 
LDus 


101 


Dw 


nitis (Borg 


Louisiana pneu- 
1034 


Human pneumo- 
nitis (S-F) 
1033 LDw 


Results in mice inoculated intracerebrally with virus straine 
Psittacosis Ornithosis 
(Gleason) (P2027) 
LD 1087 LDw 


108-0 





Psittacosis 








TABLE 1.—Results in mice of active cross-immunity tests between the virus strains in the psittacosis-lymphogranuloma venereum group. 


(Subcutaneous route) 


Immunizing virus 


22. Yanamura, H. Y. and Meyer, K. F. 1942, J. 
Immunol. 44: 195. 

23. Rudd, G. V. and Burnet, F. M. 1941, Aus- 
tralian J. Exper. Biol. 19: 33. 





* Expressed as the log of the mouse intracerebral LDse doses inoculated. 


+ Survivors /total 
t Per cent survivors. 





Meningopneumonitis (Cal 10) 
Louisiana pneumonitis (Borg) 


Psittacosis (6BC) 
Psittacosis (Gleason) 
Ornithosis (P20 

Human pneumonitis (S-F) 


Controls 
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negative results upon intranasal test of 
mice previously inoculated intraabdom- 
inally with formolized virus or subcu- 
taneously with living virus. Eaton, 
Martin, and Beck'* were also unable to 
demonstrate cross-immunity 
lymphogranuloma and meningopneu- 
monitis (MP-Cal 10) viruses when 
tested by the intranasal route. A test for 
immunity by inhalation of an atomized 
suspension of virus was considered to 


between 


TABLE 2. 


. WAGNER, ORVILLE J. GOLUB, AND VIVIAN W. 
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under Methods. In testing the animals 
in the chamber, an attempt was made to 
expose them to a concentration-time 
period which would, as calculated from 
previous control runs, result in inhala- 
tion of either approximately one MLD, 
i.e., just sufficient virus to produce 
lethal infection in all of a group of nor- 
mal mice, or one LDso, sufficient to kill 
theoretically 50% of the controls. 
terms of intracerebral dosage, 


In 
the re- 


Respiratory susceptibility of mice actively immunized with virus strains in the 


nee Osis- sdticitintnananned venereum group. 





__Immunizing virus 
Run no _ 


Strain 


Psittacosis (6BC) 

Ornithosis (P207) 

Hamster pneumonitis (12XN) 
Mouse pneumonitis (Greb) 
Controls 

Psittacosis (OBC) 
Meningopneumonitis (Cal 10) 
Controls 
Psittacosis (Gleason) 
Louisiana pneumonitis (Borg) 
Human pneumonitis (S-F) 
Controls 
Psittacosis 6BC) 

Ornithosis (P207) 

Hamster pneumonitis (12XN) 
Mouse pneumonitis (Greb) 
Controls 


* Calculated to be approximately one respiratory MLD 
t Calculated to be one respiratory LD. 


approach more closely the normal mode 
of exposure and was performed as de- 
scribed in the following experiments. 
Groups of mice were immunized sub- 
cutaneously with a single inoculation of 
living virus strains psittacosis (6BC and 
Gleason), ornithosis (P207), human 
pneumonitis (S-F), Louisiana pneumo- 
nitis (Borg), mouse pneumonitis (Greb), 
and hamster pneumonitis (12XN). The 
amount of virus inoculated for each 


group of mice was the same as that 


shown for the treated groups in the 
intracerebral cross-immunity tests (see 
table 1). ° 
against the viruses of psittacosis (6BC) 
and ornithosis (P207) were done three 
weeks after immunization as described 


rests for respiratory immunity 


Psittacosis (6BC) 
Psittacosis (6BC) 
Psittacosis (6BC) 
Psittacosis (6BC) 
Psittacosis (6BC) 


Psittacosis (6BC) 
Psittacosis (6BC) 
Fsittacosis (6BC) 


Psittacosis (BC) 
Psittacosis (6BC) 
Psittacosis (6BC) 
Psittacosis 6BC) 


Results o of respiratory infection with 


Dosage 
ICL 


‘Survivors 
‘totalt 


12, 600* 2/9 
5/10 
0/10 
0/10 
1/10 


Virus strain 


1 3 ,000* 

13,000 

13 ‘000 
900T 
900 
900 
900 





Ornithosis P207) 
Ornithosis (P207) 
Ornithosis (P207) 
Ornithosis (P207) 
Ornithosis (P207) 


3 ,600t 
3,600 
3,600 
3,600 
3,600 


spiratory MLD varied for psittacosis 
(6BC) virus in different control runs be- 
tween 1800 and 13,000 intracerebral 
LDs5o doses, while the LDso varied be- 
tween 700 and 5000 intracerebral LDs5o 
doses for the same virus. The ornithosis 
respiratory exposure was calculated as 
approximately one LDgo. The results are 
summarized in table 2. 

In only two groups was there a sug- 
gestion of resistance to respiratory in- 
fection. Ornithosis virus vaccination 
protected 5 of 10 mice in the first series 
as against one survivor out of 10 in the 
controls; psittacosis (6BC) vaccination 
protected 8 of 14 mice in the second 
series against psittacosis (6BC) virus ex- 
posure as against no survivors out of 15 
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controls. There was no significant differ- 
ence in the average time of death be- 
tween vaccinated and control mice, the 
range for the most part being 10 to 14 
days following respiratory exposure. 
Since the amount of virus inhaled was 
close to the lower limit of lethal effect for 
this animal, any protection afforded was 
certainly of a low magnitude. 

Carrier studies on immunized animals. 

An attempt was made to determine 
whether the variations in the cross- 
immunity relationships of these viruses 
could be attributed to the presence or 
absence of a carrier state in treated ani- 
mals. At the time that mice were in- 


TABLE 3. 


inoculated subcutaneously with the 
strains of human pneumonitis, lympho- 
granuloma venereum, mouse pneumo- 
nitis, or hamster pneumonitis viruses 
when tested three weeks after inocula- 
tion. Mice inoculated with living strains 
of psittacosis, ornithosis, and meningo- 
pneumonitis in all instances became 
carriers of the virus, which persisted in 
the spleen, but not in the brain. The 
Louisiana pneumonitis virus was the 
only strain which persisted in any case 
in both the brain and spleen. 


DISCUSSION 


Of all the immunized groups chal- 


Carrier state of mice actively immunized with virus strains in the 


psittacosis-lymphogranuloma venereum group. 


Recovery of virus in treated mice* 


Immunizing virus Animal 1 


Brain 


Spleen 


Carrier state 


Animal 2 Summary 


Brain Spleen Brain Spleen 





Louisiana pneumonitis (Borg) 
Psittacosis (6BC) 

Psittacosis (Gleason) 

Ornithosis (P207) 
Meningopneumonitis (Cal 10) 
Human pneumonitis (S-F) 
Lymphogranuloma venereum (Igv) 
Mouse pneumonitis (Greb) 
Hamster pneumonitis (12 XN) 
Control 
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o 
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|} o 


* Three weeks after immunization with the living virus two mice from each virus group were sacrificed, and the brains 
and spleens examined microscopically for the presence of virus, and suspensions of each tissue inocu!lsted intracerebrally 


in normal mice. Dead /total. 


fected in the above respiratory experi- 
ments, two animals from each group 
were sacrificed for study. The brain and 
spleen of each mouse was removed 
aseptically, examined microscopically 
for the presence of elementary bodies, 
triturated in nutrient broth, and the tis- 
sue suspension injected intracerebrally 
into normal mice. All mice dying within 
the period were 
checked by making impression smears of 
the brain and examining for elementary 
bodies. Mice dying with negative brain 
smears were omitted from the results 
presented in table 3. 

No living 


21-day observation 


virus could be demon- 
strated in the brain or spleen of mice 


lenged with the two psittacosis viruses, 
it appears that, of the strains tested, 
only the viruses originating from avian 
species afforded significant protection 
against the concentrations of virus em- 
ployed as a challenge. The other three 
strains, human pneumonitis, Louisiana 
pneumonitis, and, probably, meningo- 
pneumonitis, were isolated from human 
infections. On the other hand, immuni- 
zation with psittacosis virus (6BC) and 
ornithosis virus protected quite well 
against human pneumonitis and Louisi- 
ana pneumonitis, and were variably ef- 
fective against meningopneumonitis vi- 
rus challenge. These results suggest 
either stronger antigenicity or a broader 
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antigenic pattern of the avian strains. 
The most effective crossing between the 
avian and human strains was found be- 
tween ornithosis and meningopneumo- 
nitis, where strong reciprocal immunity 
resulted. This is in confirmation of se- 
rum neutralization tests reported by 
Hilleman,” wherein chicken antiserum 
against meningopneumonitis virus (M P- 
F97) demonstrated significant neutrali- 
zation against ornithosis virus (207 
strain) as well as the homologous virus. 
Beck, Eaton and O'Donnell also 
demonstrated strong antigenic similar- 
ity between these two strains by intra- 
cerebral cross-immunity tests in mice 
and feel that, except for source, they are 
identical. However, we were unable to 
confirm their claim that meningo- 
neumonitis virus protected weil against 
psittacosis virus. As stated previously, it 
is difficult to compare our results di- 
rectly to those of Beck, Eaton and 
O'Donnell, because of certain variations 
in strains and technique and the differ- 
ences in the amount of virus in the chal- 
lenging doses. Further, the actual con- 
centrations of virus employed in their 
immunization procedure are not dis- 
closed. 

It is apparent that a single inocula- 
tion of living virus by the subcutaneous 
route may protect strongly against in- 
fection by the intra-abdominal route, 
moderately or weakly by the intra- 
cerebral route, and not at all by the 


respiratory route. The latter, being the 
natural route of infection with most of 
these agents, should most logically be 
the final criterion by which a psittacosis 
vaccine is judged, although it is not 
necessarily true that the mouse is the 
animal of choice for this test. 

No definite correlation could be es- 
tablished between the results of the car- 
rier studies and the cross-immunity 
tests which would shed light on the cross 
reactions obtained. 


SUMMARY 


Cross-immunity studies have been 
conducted on a series of virus strains in 
the psittacosis-lymphogranuloma  ve- 
nereum group. Mice were immunized 
subcutaneously with live virus and 
tested for their ability to withstand 
intracerebral inoculation of homologous 
and heterologous virus preparations. 
Respiratory resistance to atomized sus- 
pensions of psittacosis and ornithosis 
viruses was also tested. 

Strains of avian origin appeared to 
have either greater antigenicity or a 
broader antigenic pattern than those of 
mammalian origin, as indicated by the 
cross-reactions obtained. There did not 
appear to be any significant respiratory 
resistance engendered by subcutaneous 
inoculation of living virus into mice, 
although considerably intracerebral im- 
munity could be demonstrated. 
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In a previous report! evidence was 
presented to show that there is a definite 
relation between drug activity in the 
vertebrate host infected with Plasmo- 
dium gallinaceum and drug activity in 
thé infected invertebrate host. This con- 
clusion was based on the fact that those 
drugs which have a prophylactic effect 
on sporozoite-induced infections of P. 
gallinaceum in the vertebrate host have 
a similar prophylactic effect in the 
mosquito in that they permanently ar- 
rest the development of the oocysts so 
that sporozoites are never produced; 
whereas the ordinary suppressive drugs, 
which have no prophylactic activity in 
the vertebrate host, are similarly ineffec- 
tive in the mosquito since they have no 
discernible effect on the development of 
the parasite and the production of 
sporozoites. The present report is a con- 
tinuation and extension of that study. 

For the purposes of this study, a 
prophylactic drug in the vertebrate host 
is defined as one which, when adminis- 
tered for a specific interval, permanently 
interrupts the pre-erythrocytic develop- 
ment of the parasite and prevents the 
formation of the erythrocytic forms. 
Correspondingly, in the invertebrate 
host, a prophylactic drug is defined as 
one that is effective against the pre- 
sporozoite stages of the parasite and 
prevents the formation of sporozoites. 
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Navy Department or the naval service at large. 
1. Terzian, L. A. 1947, A method for screening 


anti-malarial compounds in the mosquito host, 
Science. 106: 449. 


On this basis, it is possible to make valid 
comparisons of the related prophylactic 
activity in the two hosts. 


MATERIALS AND METHODS 


Laboratory strains of Aedes aegypli and 
Anopheles quadrimaculatus maintained at a con- 
stant temperature of 80 F were used for these 
experiments. For each drug concentration or 
regimen 100 to 125 mosquitoes were allowed to 
emerge into lantern globes approximately 4 inches 
in diameter, covered at one end with bobbinette. 
These globes were placed on flat stands with 
circular openings one inch in diameter, and glass 
cups containing the drug-nutrient solutions on 
which the mosquitoes fed were inserted through 
these openings. Except for the infective blood 
meal, these solutions were the sole source of food 
and water for the mosquitoes during the period 
of an experiment. 

The drugs used in these experiments, con- 
verted to their soluble salts when necessary, were 
prepared in solutions calculated in terms of the 
salt and were added in various concentrations to 
a 4% sugar nutrient solution used as the standard 
maintenance diet for infected mosquitoes in this 
laboratory. Cups were cleaned and the solutions 
changed daily in order to avoid marked changes 
in drug concentration due to evaporation and to 
dispose of the eggs laid overnight. eaqetints fed 
readily on these mixtures, and, as in anima! drug 
testing, mortality was directly related to drug 
levels. Generally, in infected mosquitoes main- 
tained on sugar solutions alone, there is an aver- 
age mortality of about 25% during the period of 
an experiment, and in tg studies the maximum 
tolerated dose was considered to be that dosage 
in which mortality was approximately 75%. 
Usually drug administration was begun 48 hours 
before the infective blood meal and continued 
throughout the course of an infection. Later, drug 
schedules were varied according to the needs of 
an experiment. 

Mosquitoes were infected with the 8A strain of 
P. gallinaceum by having them feed. once on a 
parasitized chick. The development of the para- 
site was then traced by dissection of the mos- 
quitoes at appropriate intervals. Under the con- 
stant conditions maintained in this laboratory, 
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development of the parasite was consistently 
uniform and sporozoites were always present on 
the 8th day of normal infections in the mosquito. 
The intensity of the infection, as measured by the 
number of oocysts on the stomach wall or the 
number of sporozoites in the salivary glands, was 
graded on a series of 0 to 4 plus. The evidence of 
infectiousness or non-infectiousness, based on the 
presence or absence of sporozoites as determined 
by these dissections, was then confirmed by 
intramuscular inoculation of two mosquito 
equivalents of ground suspensions of the whole 
mosquitoes into chicks, usually on the 10th day 
after their infective meals. 


RESULTS AND COMMENTS 


It is evident from the data (table 
1) that quinine, quinacrine, sontochin 
(SN 6,911), chloraquin (SN 7,618), 
1-(7-chloro-4-quinolylamino)-3-diethyl- 
amino-2-propanol (SN 8,137), 7-chloro- 
4-(3-diethylamino propyl amino) quin- 
oline (SN 9,584), 4-(7-chloro-4-quino- 
lylamino)-a-diethyl amino-o-cresol (SN 
10,751), and plasmochin have no ef- 
fect on the development of oocysts 
or the production of sporozoites. De- 
velopment was not delayed and the 
oocysts were indistinguishable from the 


oocysts found in control mosquitoes 


maintained on sugar alone, while the 
from treated 
with these drugs, when inoculated into 
normal chicks, produced characteristic 


infections. On the other hand, in mos- 


sporozoites mosquitoes 


quitoes maintained on adequate concen- 
trations of sodium sulfadiazine, meta- 
chloridine (SN 11,437), and paludrine, 
failed to 
sporozoites were 


oocysts develop 
not produced, and 

from mosquitoes 
maintained on these drugs failed to in- 
duce infection when 
chicks. Subsequent 


properly, 


suspensions made 
inoculated into 
reinoculation of 
these chicks with sporozoites resulted in 
characteristic infections with high para- 
sitemias. Thus it would appear that 
there is a specific relation between the 
prophylactic effect of a drug in the 
sporozoite infected vertebrate host and 


its effect in the infected invertebrate 
host, since sulfadiazine, metachloridine, 
and paludrine, which are prophylactic 
for P. gallinaceum in the vertebrate 
host, are similarly prophylactic for P. 
gallinaceum in the mosquito host; while 
quinine, quinacrine, sontochin and the 
other suppressive drugs cited, which are 
not prophylactic, have no effect on the 
development of the parasite or the pro- 
duction of infective sporozoites. The 
probability that such a relation could 
occur by chance has been calculated by 
the method of chi square to be less than 
1 in 100 (P<.01). 

In studies with Plasmodium falct- 
parum and its vector Anopheles quadri- 
maculatus,? it was found that quinine, 
quinacrine, sontochin and sulfadiazine, 
which are non-prophylactic for this in- 
fection,®? had no effect on the develop- 
ment of oocysts or the production of 
sporozoites; while paludrine, which is 
prophylactic, arrested oocyst develop- 
ment and prevented the formation of 
sporozoites. This evidence adds further 
corroboration to indicate. that this 
similarity in drug activity between the 
vertebrate and invertebrate hosts is 
independent of parasite species and that 
drug effect is as specific in the inverte- 
brate as it is in the vertebrate host. 

That 
the 


there are similarities between 

sporogonous and 

cycles has been suggested‘ from observa- 

tions noting morphological resemblances 

between certain of the forms in the two 

2. Terzian, L. A. and Weathersby, A. B. 1948, 
The action of anti-malarial drugs in mos- 
quitoes infected with Plasmodium falciparum, 
Naval Medical Research Institute, Project 
NM 007 007, Report No. 7. 

. Fairley, N. H. 1946, The chemotherapeutic 
control of malaria, Schweiz. Med. Wchnschr. 
76: 925-932. 

. Huff, C. G. and Coulston, F. 1944, The de- 
velopment of Plasmodium gallinaceum from 
sporozoite to erythrocytic trophozoite, J. 
Infect. Dis. 75: 231-249. 


schizogonous 
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cycles. The present studies provide ex- 
perimental evidence to indicate further 
a certain physiological parallelism be- 
tween the two cycles, and in view of this 
evident similarity between the sporo- 
gonous and schizogonous cycles, it 
would appear that this drug-diet method 
in the infected vertebrate should offer a 
useful approach to the problems of drug 
evaluation for prophylactic activity in 
the human malarias. 

It is important to note that infections 
were invariably established whenever 
sporozoites were present, and infections 


dissected mosquito host. Although at 
critical concentrations near the end 
points of drug effectiveness the results of 
dissection and inoculation are somewhat 
equivocal in that some few sporozoites 
may be found after careful examination, 
whereas such material will produce no 
infection on inoculation; nevertheless, at 
adequate drug levels the differences are 
well defined and concise. 

The morphological effects of the vari- 
ous drugs on the development of the 
oocysts are demonstrated in figure 1. 
These photographs were made on the 


TABLE 1.—A comparison of the effects of various drugs on the sporogonous cycle of P. gallinaceum 
in A. aegypti as determined by dissection and subsequent inoculation into chicks. 


Sporozo. 2 Drug con- 
density centration 
in mos- g/100 
quitoes ml 


Drug 


Quinine 4+ 0.05 
Quinacrine t 0.02 
SN 6,911 0.05 
SN 7,618 0.03 
SN 8,137 0.1 

SN 9,584 0.05 
SN 10,751 0.05 
Plasmochin 0.03 
Metachloridine 0 0.01 
Paludrine 0 0.01 
Sulfadiazine 0 0.1 

Controls 4+ 


Average per cent red cells parasitized 


Number 
ncuiipil survivors* 


14 


2.0 





* Numerator indicates surviving chicks, denominator, total chicks. 


never developed in the absence of 
sporozoites (table 1). During the course 
of dissection and microscopic examina- 
tion of over 500 mosquitoes maintained 
on adequate concentrations of sulfadia- 
zine, metachloridine, and paludrine, 
sporozoites were found in only one 
mosquito, the remainder being consist- 
ently negative. On the other hand, in- 
fected mosquitoes maintained on sup- 
pressive drugs or inadequate concentra- 
tions of prophylactic drugs were always 
positive for sporozoites. With a relation 
so consistent between the results of 
microscopic examination and inocula- 
tion of the mosquito material into sus- 
ceptible chicks, it is evident that drug 
effects can be evaluated precisely from 
microscopic examination of the properly 


7th day of the infection in the mos- 
quitoes. While the non-prophylactic 
drugs have had no discernible effect on 
the morphological characteristics or the 
rate of development of the oocysts, it is 
evident that the prophylactic drugs 
have markedly delayed 
oocyst development. 

For example, with continued ad- 
ministration of a 0.1% concentration of 
sodium sulfadiazine, development of the 
oocyst is very considerably retarded, so 
that although on the 8th day the oocysts 
in the control mosquitoes have reached 
maturity, the oocysts from mosquitoes 
on sulfadiazine are still in an early stage 
of development. They do, however, 
slowly increase in size so that on about 
the 20th day they are approximately as 


or arrested 
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large as mature oocysts. Nonetheless, 
they have a pale and empty appearance 
and never develop the striations charac- 
teristic of normal oocysts. No sporo- 
zoites can be demonstrated when such 
oocysts are mechanically ruptured. 
With higher concentrations of sulfadia- 
zine, oocyst development is even more 
retarded, but there is, nevertheless, a 
slow increase in size with time. 

With 0.01% metachloridine continu- 
ously administered, the morphological 
effect upon the oocyst appears to be |ixe 
that of sulfadiazine except that, aving 
developed to the intermediate stage, 
there is little or no subsequent increase 
in size beyond that phase and oocysts 
still present on the 20th day show 
marked evidence of shrinkage and de- 
generation. With 0.01% paludrine there 
is earlier and more complete inhibition 
of oocyst development, and although 
oocysts may persist for as long as 30 
days, they are still very small and most 
of them show extreme signs of deteriora- 
tion. With concentrations of metachlo- 
ridine and paludrine reduced to 0.001%, 
development is still retarded and sporo- 
zoites are never produced, but these re- 
tarded oocysts do, nevertheless, slowly 
increase to the size of mature oocysts. 

At concentrations of 0.0001% meta- 
chloridine and paludrine, oocyst de- 


velopment is not too seriously affected 
and sporozoites are produced which give 
rise to characteristic infections when 
inoculated into chicks. It is of interest to 
note, too, that the minimal effective 
doses of these prophylactic drugs are ex- 
tremely low compared to the maximum 
tolerated levels (table 2). For example, 
although mosquitoes will tolerate con- 
centrationsashighas0.05% of paludrine, 
the effective prophylactic dosage may 
be as low as 0.001%. With metachlori- 
dine the maximum tolerated dose is 
higher still even though 0.001% is still 
an effective prophylactic level. In gen- 
eral, therefore, there is a considerable 
margin between the minimal effective 
dose and the maximum tolerated dose. 

Since with all of the prophylactic 
drugs cited, parasite development pro- 
ceeds to the oocyst stage before any 
drug effects become evident, it is appar- 
ent that the drugs exert no specific ac- 
tion on the gametes, the ookinete, and 
possibly the earlier oocyst stages. This 
is further evidenced by the fact that, de- 
pendent upon the particular drug and 
the concentration, administration may 
be delayed for varying periods after the 
infective meal without affecting the 
prophylactic activity of the drug. For 
example, with the administration of 
0.1% sulfadiazine delayed for as long as 





EXPLANATION OF FIGURE 1.* 


These photomicrographs of mosquito stomachs, taken on the 7th day after the infective blood meal, 
demonstrate the differences in oocyst development and size between mosquitoes maintained on 
prophylactic drugs and mosquitoes maintained on non-prophylactic drugs. Specimens with light in- 
fections were purposely selected in order to bring out more clearly the characteristics of the individual 


oocysts. 

a. sugar nutrient solution alone. 
b. 0.03 % quinine. 

. 0.02 % quinacrine. 

. 0.02 % plasmochin. 

. 0.02 % SN 6,911. 

. 0.1 % sodium sulfadiazine. 
. 0.01 % metachloridine. 

. 0.01 % paludrine. 


* The authors wish to express their appreciation to Dr. John L. Tullis for his aid in the preparation 
of these photomicrographs. 
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three days following the infective meal, 
the mosquitoes still remain negative, al- 
though if drug administration is delayed 
until the 4th day, the drug is no longer 
effective and infective sporozoites de- 
velop. Similarly, with the administra- 
tion of metachloridine and paludrine 
delayed 2 and 4 days respectively after 
the blood meal, the prophylactic effects 
are still evident. If, however, the drugs 
are withheld beyond those periods, 
parasite development is unaffected and 
sporozoites are produced in abundance. 


TABLE 2. 


the inhibitory effects of a particular 
drug, for if drug administration is not 
maintained sufficient interval 
after the infective meal, the parasite will 


for a 


again continue its development and 
eventually sporozoites will be produced. 
For example, if sulfadiazine, started 48 
hours prior to the blood meal, is re- 
moved at any time up to 6 days after the 
infective meal, normal parasite develop- 
ment will again proceed. If, however, 
drug administration is continued for 8 
days after the infective meal, normal de- 


A comparison of the relation of drug concentration to drug activity in A. aegypti 


infected with P. gallinaceum as determined by dissection and by subsequent inoculation into chicks. 


Concen- 
tration 


Sporozoite 


Dri 
18 density 


Sodium sulfadiazine 
Sodium sulfadiazine 
Sodium sulfadiazine 
Sodium sulfadiazine 
Paludrine 
Paludrine 
Paludrine 
Paludrine 
Metachloridine 
Metachlorodine 
Metachloridine 
Metachloridine 


Controls 


* One chick remained negative. 


Furthermore, as would be expected, 
high concentrations of these drugs ad- 
ministered over a period of several days 
after sporozoites have developed do not 


affect sporozoite viability, and sporo- 


zoites from mosquitoes so treated give 
rise to typical infections when inocu- 
lated into chicks. These and subsequent 
results would appear to indicate, too, 
that even during the o cyst stage these 
drugs are effective only during a certain 
specific portion of this particular phase 
of the development of the parasite. 
Although the parasite is extremely 
sensitive to the effects of the prophy- 
lactic drugs during certain stages of its 
development, it appears to have, none- 
theless, a certain ability to recover from 


Average per cent red cells parasitized 


(Days after inoculation) Number 


survivors 


8 12 14 


0 


velopment is permanently arrested and 
never formed. With 
0.01% metachloridine and 0.01% palu- 
drine it requires at least 3 and 6 days, re- 
spectively, of continued drug adminis- 


sporozoites are 


tration following the blood meal to 
inhibit parasite development perma- 
nently. 

A further insight into the mechanism 
of action of the prophylactic drugs is 
afforded by the inhibitory effect of para- 
aminobenzoic acid on drug activity. 
When incorporated into the diet in suf- 
ficient concentration it completely in- 
hibits the prophylactic effects of sulfa- 
diazine and that 
oocysts develop normally and sporo- 


metachloridine so 


zoites are produced. On the other hand, 
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para-aminobenzoic acid has no effect on 
the prophylactic activity of paludrine 
(table 3). It would appear, therefore, 
that the prophylactic effects of sulfadia- 
zine and metachloridine which thus ap- 
pear to act through similar mechanisms 
are related to the para-aminobenzoic 
metabolism of the parasite and that 
these drugs exert their effects in a man- 
ner similar to the mode of action of 
sulfadiazine against certain of the bac- 
teria. Since the prophylactic action of 
paludrine is unaffected by para-amino- 
benzoic acid, it apparently exerts its 
effect through a mechanism different 
from that of sulfadiazine and metachlo- 
ridine. There is no indication, as yet, of 
the mechanism responsible for the ac- 
tivity of paludrine. Of several metabo- 
lites studied thus far, including a num- 
ber of amino acids, none has been found 
capable of inhibiting the specific effects 
of paludrine. 

In contrast to the prophylactic and 
the other non-prophylactic drugs stud- 
ied thus far, plasmochin exhibits a mode 
of action or effect unlike that of any of 
the drugs in either of the other groups of 
compounds. Administered in maximum 
tolerated doses, plasmochin has no in- 
hibitory effect on oocyst development, 
so that normal growth continues at the 
usual rate and sporozoites are produced 
as abundantly as in the control mos- 
quitoes (table 1). Plasmochin does, 
however, have a marked activity against 
the sporozoites and these forms are de- 


TABLE 4. 


Days 
after 
infection 
meal 


Drug con- 
centration Sporozoite 


Drug density 


TABLE 3.—The effect of para-aminobenzoic acid 
on the prophylactic activities of sulfadiazine, 
metachloridine, and paludrine as determined 

by inoculation of the mosquito material 
into chicks. 





Infection 

in inoc- 
ulated 
chicks 


Sulfa 0.1 0 0 


Sulfa + 0.1 
PABA 0.2 + 


Metachloridine 
Metachloridine + 
PABA 


Concen- 


: Sporozoite 
tration 


density 





0.005 0 
0.005 
0.4 
Paludrine 0.001 
Paludrine + 

PABA 





stroyed at a rate depending upon the 
drug concentration. As a consequence, 
within a few days after sporozoites first 
appeared, the mosquitoes become non- 
infective in that sporozoites can no 
longer be found on dissection, and 
inoculums made up of suspensions of 
such mosquitoes are no longer capable of 
inducing infection when inoculated into 
normal chicks (table 4). With concen- 
trations of 0.01% of plasmochin, a few 
infective sporozoites were still present 
on the 12th day of the infection in the 
mosquito, but on a concentration of 
0.02%, sporozoites were no longer evi- 
dent on that day or on any day there- 
after, and chicks inoculated from these 
mosquitoes were not infected. The in- 
crease in the prepatent period in the 
chick paralleling the increasing periods 
mosquitoes remained on the drug fur- 


The effect of plasmochin on sporozoites as determined by dissection and by 
inoculation of mosquito material into chicks. 


Average per cent red cells parasitized 


Days after inoculation) Number 





survivors 
14 16 18 20 





Plasmochin ‘ 8 
Plasmochin ‘ 8 
Plasmochin A 9 
Plasmochin J 10 
Plasmochin z 12 
Plasmochin é 12 


Controls 12 


3.2 + 
15.5 20.0 
7 ee 

5.6 





25.0 
2 
R 19.0 


+ 
4.0 
4 
2.7 


by 
Negative 
Negative 
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ther demonstrates the progressive de- 
struction of sporozoites taking place, 
since it is well known that the lesser the 
parasite dosage, the longer the interval 
before the parasitemia becomes patent. 
That its toxic effect against sporozoites 
is a property peculiar to plasmochin 
alone among the non-prophylactic drugs 
studied, is indicated by the fact that 
mosquitoes maintained on the other 
nonprophylactic drugs cited, for periods 
as long as 20 days after the infective 


TABLE 5. 


constantly changing status as the para- 
site proceeds in its development, and 
certain metabolites or enzymes essential 
to the parasite economy at one stage 
may be of no importance at another. 
Thus, these results, which indicate that 
even those drugs which are effective 
against the parasite are effective only 
against certain specific stages, may pro- 
vide an explanation for the inability of 
certain drugs, active against erythro- 
cytic forms of the parasite, to prevent 


A comparison of the effects of various drugs on the sporogonous cycle of P. gallinaceum 


in A. quadrimaculatus as determined by subsequent inoculation into chicks. 


Drug con- 
Drug centration ( 


ml 
Quinine 
Quinacrine 
SN 6,911 0.075 
Plasmochin 0.02 
Sulfadiazine 0.2 
Controls 


0.05 
0.02 


blood meal, continue to harbor sporo- 
zoites in considerable numbers capable 
of inducing typical infections when in- 
oculated into normal chicks. The rea- 
sons for this particular property of 
plasmochin are not entirely clear as yet. 
Further, while, as previously indicated, 
the prophylactic drugs inhibit develop- 
ment and produce internal changes in 
the oocyst only, during which time the 
oocyst remains intact, plasmochin ap- 
pears to destroy the sporozoite com- 
pletely. Thus, it is possible by this 
method of drug evaluation in the mos- 
quito to ascertain the exact parasite 
stage susceptible to the action of effec- 
tive drugs and to evaluate their specific 
morphological effects. 

If it is assumed that these drugs act 
through their effects on metabolites or 
enzymes, then the evidence of their dif- 
erential suggests that the 
metabolism and metabolic requirements 
of the parasite are never long in equilib- 
rium. Instead they are in a dynamic and 


activities 


Average per cent red cells parasitized 
ys after inoculation) 


g 1. . rusmacemnstinanipsctasianmnsttdinieianitntnssaarenunan 


Number 
— survivors 


infection or subsequent relapse in hu- 
man malarias. 

Finally, as additional corroborative 
data, it was deemed desirable to deter- 
mine whether or not this similarity in 
prophylactic activity between the spo- 
rogonous and schizogonous cycles would 
obtain with other vectors of P. gallina- 
ceum. For this reason, many of the ex- 
periments were repeated using A. quad- 
rimaculatus. It was found that although 
A. quadrimaculatus appears to be some- 
what more sensitive to drugs than A. 
aegypti, nevertheless, with this species 
too, there is a specific correlation be- 
tween the prophylactic effect of a drug 
in the vertebrate host and its effect in 
the invertebrate host of the parasite 
(table 5). 


SUMMARY AND CONCLUSIONS 


1. Using a method previously de- 
vised to incorporate antimalarial drugs 
in the diet of infected mosquitoes, it has 
been shown that sulfadiazine, metachlo- 
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ridine, and paludrine, which have a 
prophylactic effect on sporozoite in- 
duced infections of P. gallinaceum in 
the vertebrate host, have a similar 
prophylactic effect in the invertebrate 
host in that they permanently arrest the 
development of oocysts and prevent the 
formation of sporozoites. On the other 
hand, quinine, quinacrine, plasmochin 
and other non-prophylactic drugs, 
which have no prophylactic activity in 
the vertebrate host, are similarly ineffec- 
tive in the mosquito since they have no 
effect on the development of the para- 
site and the formation or production of 


sporozoites. This similarity in drug 


action between vertebrate and inverte- 
brate hosts obtains with other species of 
Plasmodia and their vectors. 

2. It was found that the time of ad- 
ministration of the drugs in relation to 
the infective blood meals, the period of 


administration, and the concentration 
are factors determining drug effective- 
ness. 

3. It was shown further that sulfa- 
diazine, metachloridine, and paludrine 
are effective only against specific phases 
of the oocyst stage of the parasite, and 
that plasmochin is effective only against 
the sporozoites free from the oocysts, 
indicating that specific drugs interrupt 
specific stages in the development of the 
parasite in the mosquito, and that a 
drug effective against one stage of the 
parasite may have no effect against 
another stage. 

4. Para-aminobenzoic acid, adminis- 
tered in sufficient concentration along 
with prophylactic concentrations of 
sulfadiazine and metachloridine, an- 
tagonizes the effects of these drugs but 
has no effect when administered with 
paludrine. 
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THE INITIAL DISTRIBUTION OF AIR-BORNE BACTERIA 
IN THE HOST 


ADA MAY AMES AND W. J. NUNGESTER 
From the Department of Bacteriology, University of Michigan 


The examination of air as a possible 
medium for the transmission of infection 
was begun about the middle of the 19th 
century with the work of Pasteur,! 
Tyndall,? and their contemporaries. Re- 
peated failure to recover the specific 
pathogens of respiratory infections and 
evidence purporting to demonstrate 
short flight limits for expelled droplets*® 
convinced bacteriologists for a time that 
air could not be an important vehicle for 
the spread of contagion. During the last 
10 to 15 years, however, interest has 
turned again to the investigation of the 
role of air, especially indoor air, in the 
spread of respiratory infections. 

in a symposium on _ aerobiology, 
heodore F. Hatch‘ pointed out that 
disease transmission directly through 
the air requires, among other factors, 
that the causative agent be not only in- 
haled but also retained in the respira- 
tory tract of the victim. Further, he 
emphasized the significance to be at- 
tached to the part of the respiratory 
tract in which the pathogen is retained. 
This author and others (Bloomfield,® 
Proetz,® Hilding,? and Cralley*) have 
shown that the air-filtering efficiency of 
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the upper respiratory tract is not per- 
fect, especially for particles less than Sy 
in size, and that infectious material may 
be inhaled and retained in the various 
parts of the respiratory tract, including 
the lung parenchyma. 

With the importance of air-borne dis- 
ease transmission well established, the 
present series of experiments was under- 
taken to study the initial distribution of 
inhaled bacteria in animals, first under 
normal conditions, and second with the 
introduction of factors aimed at varying 
the mechanical defense barriers of the 
respiratory tract. 


EXPERIMENTAL 


The apparatus used in the experiments 
consisted of a closed chamber of two- 
liter volume. Fifteen L of an aerosol per 
minute were introduced into the cham- 
ber. In order to maintain a slightly 
negative pressure throughout the opera- 
tion and to facilitate even distribution 
of the spore suspension within the cham- 
ber, a vacuum pump was connected to 
an outlet situated at the end of the 
chamber opposite the point where the 
bacterial cloud was introduced. 

The stream of outgoing air, upon 
leaving the chamber, was allowed to 
bubble through a sampling device which 
consisted of a tube containing 100 ml of 
0.85% saline. This material as well as a 
sample of the original suspension was 


6. Proetz, A. W. 1941, Essays on the Applied 
Physiology of the nose, St. Louis, pp. 3-S. 

7. Hilding, A. C. 1944, Ann. Otol., Rhin., & 
Laryng. 53: 444-460; 1932, Am. J. Physiol. 
100: 644; 1932, Arch. Otolaryng. 15: 92. 

8. Cralley, L. J. 1942, Am. J. Hyg. 36: 303-309. 
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plated following each series of experi- 
ments, as a check on the constancy of 
the spore suspension and the efficiency 
of the system. Finally, the air pumped 
from the chamber was passed through a 
cotton filter which completed the re- 
moval of any remaining spores. 

Three species of animals were chosen 
for study in this series of experiments, 
because of their availability, differences 
in size, and adaptability to the size of 
the exposure chamber. These were 
rabbits, guinea pigs, and rats. The ani- 
mals were placed in the closed chamber 
and exposed to an easily identifiable 
organism. For this purpose a nonpatho- 
genic, orange-pigmented, spore-forming 
substrain of Bacillus mesentericus, B. 
globigit, was used. Five ml of a suspen- 
sion of its spores in 0.85% saline with a 
count of about 3X10* per ml were 
were placed in a glass nebulizer through 
which air passed at the rate of 5 L per 
minute. A second stream of dry air, 
moving at the rate of 10 L per minute 
and introduced at right angles to the 
first, dried the nebulized spores and 
carried them into the exposure cham- 
ber. A spore concentration of 310° 
spores per L was approximated in these 
experiments. A microscopic examination 
of cloud particles which had impinged 
on a glycerine covered slide revealed a 
uniform particle size of 1—3y. 

After a 30-minute exposure to the 
bacterial cloud, some of the animals 
were killed immediately with ether, 
while others were allowed to live for 
varying periods up to 7 hours before 
sacrifice. Following death the lungs, 
stomach, trachea, esophagus, and rep- 
resentative sections, one cm square, of 
mucosa from several areas of the upper 
respiratory region were removed asepti- 
cally from each animal for bacteriologi- 
cal examination. 

The lungs and stomach, being com- 
paratively large, were ground in a War- 


ing Blendor with 100 ml of 0.85% saline 
for suspension. The other bits of tissue 
were ground by hand with sand in tubes 
with 5 ml of 0.85% saline. Ali the speci- 
mens were heated to 80 C for one minute 
to rid them as far as possible of non- 
spore-forming contaminants. The tissue 
suspensions were plated in 1.0% glucose 
agar in appropriate dilutions. After in- 
cubation for 24 hours at 37 C, the plates 
were examined for the characteristic 
bright orange colonies of the test or- 
ganism. These colonies were counted. 

Healthy animals of approximately 
uniform weight within each species 
group were chosen for study of the nor- 
mal distribution patterns of inhaled 
organisms. The average weight of the 
rabbits was 1.5 kg; guinea pigs, 250-350 
g; rats, 150-200 g. A minimum of 10 
animals of each species were investi- 
gated for each time interval between ex- 
posure and sacrifice. 

When the normal patterns of distribu- 
tion of inhaled organisms had been de- 
termined in rabbits, guinea pigs, and 
rats, some factors aimed at varying 
these patterns were introduced: 

1. Anesthesia.—A barbiturate anes- 
thetic was used in order to avoid the 
respiratory irritation that necessarily 
accompanies the prolonged administra- 
tion of such anesthetics as ether. Guinea 
pigs and rats were used as test animals. 
The guinea pigs received intraperitone- 
ally 0.5 ml of 1.5% nembutal in 0.85% 
saline solution. The rats, because of 
their unfavorable reaction to nembutal, 
were given 0.5 ml of a 10% solution of 
urethane. When the animals were anes- 
thetized they were placed in the expo- 
sure chamber. 

2. Alcohol intoxication.—Guinea pigs 
were given 5 ml of 10% ethyl alcohol 
intraperitoneally. When _ intoxicated, 
they were placed in the chamber for ex- 
posure to the spore contaminated at- 
mosphere. 








58 


3. Vasoconstriction. — Guinea _ pigs 
were used in these experiments because 
their comparatively broad nostrils per- 
mitted insertion of the cannula of a 
nasal volume testing device without 
undue damage to the nasal mucosa. The 
apparatus used for estimating changes 
in intranasal air space was a modifica- 
tion of that designed by Sternstein.® It 
consisted of a glass cannula attached by 
rubber tubing to an inclined manometer. 
The manometer was calibrated to meas- 
ure the number of liters per minute of 
air being drawn through the cannula by 


TABLE 1.—Distribution 


Initial 


Nasal Vestibule 
Turbinates 

Tongue and Hard Palate 
Soft Palate 
Nasopharynx 
Oropharynx 

Epiglottic Area 

Trachea 

Lungs 

Esophagus 


Upper 
end + 


tT Ttt+7F | 


Stomach* 


! 


Legend: ++-+-+ Uncountable. 


means of a vacuum pump. When the 
tip of the cannula was inserted into the 
nostril of an animal, the reading on the 
manometer represented the initial pa- 
tency of the nose. Following the intra- 
nasal administration of 5 drops of 0.5% 
privine hydrochloride, the reading on 
the manometer slowly dropped 20 to 
25%, showing the increase in size of the 
passageway vasoconstriction took 
place. At the height of this effect, the 
guinea pigs were placed in the chamber. 
It was found necessary in this series of 
experiments to administer 0.5 ml of 
1.5% nembutal intraperitoneally 
each animal overcome the 


as 


to 

to active 

9. Sternstein, H. J. 1940, Arch. Otolaryng. 34: 
523-532; 1942, 36: 713-724. 
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sneeze reflex which resulted with each 
attempt to place the cannula into the 
nose of an unanesthetized animal. 

4. Chill_—Normal guinea pigs were 
placed in ice water until they were 
shivering violently; then they were 
transferred immediately to the exposure 
chamber. To minimize the effect of 
shivering, guinea pigs which were anes- 
thetized with 0.5 ml of 1.5% nembutal 
injected intraperitoneally were placed in 
ice water for 5 to 10 minutes and then 
put into the chamber. 

5. Infection.—Advantage was taken 


of inhaled spores in respiratory tract, esophagus, and stomach, 


Guinea pig 


Initial 1 hr. 2 hr. 


+--+ 


TTT TTT | + | 
(+++74+T | 
+++44++4+4+14 1 
t++t+4++4+4 14 
$$ $t+4++ 
To? TT 

+ 


++ $0-250. 
+++ 250-500. + 1-50 

— Negative for spores. 

(An approximation of number of spores per 0.1 g of tissue.) 
* Rat stomach contains a factor lethal for B. globigii spores. 


of a spontaneously occurring epidemic of 
a pneumonitis among the stock guinea 
pigs. Animals in all stages of pulmonary 
involvement from hyperemia to consoli- 
dation became available and were ex- 
posed to spore clouds in the chamber. 


RESULTS 

As shown in table 1, there were defi- 
nite areas in the animal respiratory 
tract, such as the nasal turbinate area, 
where the spores tended to lodge and 
remain in great numbers. Several re- 
gions, such as the pharynx, the esopha- 
gus, and the stomach, which initially 
showed but few spores, revealed a 
marked increase some time after expo- 
sure. A decrease, presumably due to re- 
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DISAPPEARANCE OF SPORES 
FROM THE LUNGS OF: 
I RAT 
It GUINEA PIG 
It RABBIT 
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2 3 5 
TIME IN HOURS 


Fic, 1 


moval of the organisms by the “‘self- only showed an increase in the number 
cleaning’’ mechanisms!® of the respira- of spores recoverable an hour after ex- 
tory tract, was observed after several posure, but after a three-hour interval a 


hours. 


second such increase appeared. It was 


An examination of the trachea not felt that the first rise in numbers of 


10. Miller J. A. and Rappaport, I. 1938, Ann, SPOres was due to contamination from 


Int. Med. 11: 1644. 


the upper respiratory passages. The 
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second increase was attributed to the 
upward movement" of the mucus 
sheath carrying the organisms tempo- 
rarily retained in the deeper respiratory 
passages. The nasal vestibules, the 
tongue, and the hard palate showed only 
transient, if any, spore contamination. 


11. Lucas, A. M. and Douglas, L. C. 1935, Arch. 
Otolaryng. 21: 285. 


The concentrations of spores initially 
found in the lungs varied with the ani- 
mal used. This variation was found to 
be roughly proportional to animal size, 
and, more significantly, to the tidal air. 
For instance, a 1,400-g rabbit breathing 
approximately 800 ml of air per minute 
had 910° spores in the lung. A 300-g 
guinea pig with a tidal air of 160 ml had 
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2X10® organisms in the lung, while a 
150-g rat with approximately half this 
tidal air had half as many spores in the 
lung. The rate of disappearance of 
spores from the lungs of rats, guinea 
pigs, and rabbits is shown in figure 1. 

Of the factors introduced in the at- 
tempt to vary the normal pattern of 
spore distribution, alcohol intoxication, 
anesthesia, chill, and vasoconstriction 


not only caused a marked increase in the 
number of spores reaching the lungs, but 
also affected the normal clearance of this 
organ after exposure (fig. 2). 

Chill plus anesthesia (fig. 3) produced 
an increase in the degree of lung con- 
tamination far exceeding any predict- 
able increase from study of the effects of 
either of these agents alone. 

Infection (fig. 4) produced changes in 
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the number of spores reaching the lungs 
and in their clearance, depending upon 
the duration and severity of the process. 
Early pneumonitis, usually unsuspected 
before autopsy, where the gross mani- 
festations of the disease process were as 
yet limited to hyperemia and congestion 
of the uniformly 
showed that increased numbers of spores 


pulmonary tissue, 


were present in the lungs when the ani- 
mal was sacrificed. The time required to 
clear the lungs of spores was markedly 
lengthened. 

Later in the progress of the pneumo- 
nitis, when actual consolidation of the 
lung tissue had taken place, the number 
of spores reaching the lungs was reduced 
far below normal. The moribund state 
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and heavy anesthesia or alcohol intoxi- 
cation also revealed a reduction in the 
relative numbers of organisms reaching 
the lungs. It was felt that reduced tidal 
air to the area produced this effect. 


DISCUSSION 


Several points of possible importance 
to the understanding of the patho- 
genesis of air-borne infections are raised 
by consideration of the fate of inhaled 
bacteria. 

The fact that microorganisms im- 
pinging on mucous surfaces of the respi- 
ratory organs eventually reach the 
gastrointestinal tract emphasizes the 
possibility that agents causing gastro- 
intestinal infections may be air-borne. 
Of course, it has long been recognized 
that bacteria from infected lungs reach 
the gastrointestinal tract. It is also 


probable that a great number of bac- 
teria, viruses, or allergens inhaled reach 
the gastrointestinal tract after imping- 


ing on the mucous sheath of the respira- 
tory tract. 

The observation that vasoconstric- 
tion of the nasal mucosa results in a 
greater number of air-borne bacteria 
reaching the lungs suggests that conges- 
tion of nasal mucosa would tend to trap 
air-borne pathogens in the nose. If such 
pathogens were less easily destroyed by 
the defense mechanisms of the nasal 
mucosa than by those of the lungs, 
which often may be the case, the result 
might be an increased incidence of up- 
per respiratory tract infections. Leprosy 
of the nares is common, while infection 
of the lungs with leprosy is rare. On the 
other hand, pathogens such as the 
tubercle bacillus, for which the lungs 
probably have less resistance than the 
nasal mucosa, may be aided in reaching 
the lungs by a nasal tract with an en- 
larged air passageway. It might be of 
interest to examine the nasal air space 
of races supposed to be peculiarly sus- 


ceptible or resistant to pulmonary 
tuberculosis with this point in mind. 
Obviously other and contradictory fac- 
tors, such as age, nutrition, immunity, 
etc., may modify this effect. 


SUMMARY 


Rats, guinea pigs, and rabbits were 
exposed to an aerosol of bacterial spores 
and sacrificed at stated intervals after 
exposure. In general, the numbers of 
spores recoverable from the various 
areas of the respiratory tract examined 
were related to the part examined and 
to the time elapsing between exposure 
and sacrifice. There were certain areas 
of large spore concentration in all the 
animals examined—the nasal turbinates 
for example. Also, there were areas 
where contamination was rarely found: 
the nasal vestibules, the tongue, and the 
hard palate. Some areas showed a 
greater concentration of spores after a 
lapse of time between exposure and 
sacrifice than they did immediately 
after exposure. These areas were the 
pharynx, the esophagus, the trachea, 
and the stomach. 

In comparing the concentration of 
spores in the lungs of the various species 
of test animals, a rough correlation ap- 
pears to exist between tidal air and the 
number of spores reaching the lungs. 
The greater the volume of tidal air, the 
greater the number of organisms in the 
lungs. 

The distribution pattern of inhaled 
organisms can be varied to bring about 
an increase in the number reaching the 
lungs by light anesthesia, alcohol in- 
toxication, chill, or vasoconstriction of 
the nasal mucosa. On the other hand, 
extensive pulmonary consolidation, 
deep anesthesia or alcohol intoxication, 
or the mo ibund state will reduce the 
relative number of spores reaching the 
lungs. These latter conditions decrease 
the volume of tidal air. 
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In 1937 Goodpasture and Anderson! 
reported upon the infection and inva- 
sion of the chorio-allantoic (C-A) mem- 
brane of 10 to 13 day old embryonic 
chicks by a number of different organ- 
isms. They found that Streptococcus 
viridans isolated from a case of endo- 
carditis parasitized mononuclear phago- 
cytes in the inflammatory exudate on 
the surface of the mesoderm and both 
mononuclear phagocytes and fibroblasts 
within the mesoderm. No streptococci 
were observed within the mesoderm out- 
side of the phagocytic cells. In contrast 
to this, 4 strains of Str. hemolyticus iso- 
lated from various other types of human 
infections were not only unable to find 
host cells either upon or within the 
me:abrane, but were actually destroyed 
by mononuclear phagocytes in the in- 
flammatory exudate on the surface of 
the ectoderm, which showed ulceration 
and necrosis. None of the hemolytic 
streptococci were seen within the meso- 
derm either free or within phagocytic 
cells. Goodpasture and Anderson also 
observed (1) that while these 4 strains 
of Sir. hemolyticus did not find host cells 
either on or within the membrane, they 
were able to invade and cause death of 
many embryos, and (2) that the hyaline- 
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1. Goodpasture, E. W. and Anderson, K. 1937, 

The problem of infection as presented by bac- 


terial invasion of the C-A membrane of chick 
embryos, Am. J. Path. 13: 149-174. 


like substance produced apparently as a 
result of infection with cells of these 
hemolytic streptococci was _ present 
around masses of degenerating bacteria. 
This hyaline-like material seemed to 
function as a defensive mechanism of 
the host. 

The present paper represents the re- 
sults of a study of experimental strepto- 
coccal infection of the C-A membrane of 
the embryonic chick in which 34 strains 
of B hemolytic streptococci, one strain 
of a’, and one of Sir. viridans were em- 
ployed. Twenty-six of the strains, among 
which were representatives of the Lance- 
field groups A, B, C, D, and K, were 
obtained from clinical cases. Subsequent 
papers will deal with studies relative to 
the nature and importance of enzymes, 
toxins, fibrinolysins, and other factors 
involved in infection and host resistance. 


MATERIALS 


Eggs.—Eggs containing 12 to 13 day old viable 
embryos were obtained from a local hatchery. 
With the hope of having consistent results only 
eggs from Ostra white chickens were employed. 
This breed of chickens is said to be more resistant 
to infectious disease than white Leghorns. 

Bacteria.—The Lancefield grouping and source 
of the 36 strains of streptococci employed is sum- 
marized in table 1. All freshly isolated strains 
as well as those obtained from other sources were 
lyophilized as soon as received. 

Culture mediums.—Poured horse blood agar 
plates wereemployed to determine whether the cul- 
tures were 8 hemolytic streptococci. For the inocu- 
lation of the membranes, 24 hour cultures in tryp- 
tose phosphate horse serum broth were employed. 

Immune serum.—Strains of each of the Lance- 
field groups for immunizing and testing were 
obtained from Lancefield. Immune serums were 
produced by following her procedures for im- 
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munizing large New Zealand Red Rabbits. Se ne 
immune serum was obtained from Lancefield and 
some was purchased from a commerciai firm. 
Several cultures giving doubtful results were 
checked by Lancefield. 

Dosage.— Membranes were inoculated with 1/50 
ml of a 24 hour tryptose phosphate serum broth 
culture or of dilutions of the same varying from 


TABLE 1.—Lancefield group and 
source of streptococci. 


Lancefield 


Group Strain Source 





Lancefield 
White and Parker Strain 
Tonsillitis 
Tonsillitis 
Tonsillitis 
Erysipelas 
Tonsillitis 
Tonsillitis 
Infected finger 
Pneumonia 
Pus (human) 
Tonsillitis 


A 1039 
1021 
1040 
1041 
1042 
1061 
1062 





Lancefield 

Kidney infection 
Endocarditis 
Lancefield 
Erysipelas 
Infection in a horse 
Tonsillitis 

Mouth infection 
Lancefield 
Endocarditis 
Endocarditis 
Endocarditis 
Tonsillitis 
Tonsillitis 
Tonsillitis 

(Scarlet fever case) 
Endocarditis 
Lancefield 





Lancefield 
Lancefield 
Lancefield 


Lancefield 
Endocarditis 











Broncho-pneumonia 


Str. viridans 


1055 





Endocarditis 
10-' to 10-*. Inoculums representing dilutions 
between undiluted and 10-' were also employed. 
Wright’s method was used to determine the 
number of individual bacterial cells per ml of 
culture for many but not all of the strains. The 
inoculum of undiluted cultures employed con- 
tained from 40,000,000 to 60,000,000 bacterial 
cells. 

Technic.—The egg technic described by Good- 
pasture? was employed in these studies. As a rule, 


W. 1933, Use of embryo 
chick in investigation of certain pathological 
problems, South. M. J. 26: 418-420. 


2. Goodpasture, E. 


TABLE 2.—Mortality at 72 hours where inoculum 
consisted of 1/50 ml of a 24 hour serum broth culture. 
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Strain inoculated 


Group 





A 





DAOe!) &erK one 
Ce DA) Ano 


- 
— 





- 
on 





ks Ceo 


a 








wl n | ORK ONNK S| CK aww 
ae 





— 











7 
1055 23 21 





Str. viridans 


from 6 to 9 eggs were inoculated with each culture 
and membranes were harvested at 24, 48, and 72 
hours and, in some instances, 5 days. The experi- 
ments were repeated one or more times in order 
te compare host reactions in a number of embryos. 
Only membranes from viable or recently deceased 
embryos were harvested. Before harvesting the 
membranes, cultures and smears were made to 
test for viability of bacteria and purity of culture. 
The harvested membranes were fixed in Zenker's 
solution, and paraffin sections 4 to 5 w in thickness 
prepared. Wright’s stain was used to bring out 
bacteria and cell types, and hematoxylin and 
eosin stained sections were studied for patho- 
logical changes. Mallory’s and Masson’s stains 
and the gram stain were also employed. 


RESULTS 

Virulence 
The relative virulence of these 36 
stains of streptococci as determined by 


the mortality of 12 to 13 day old em- 
bryonic chicks is shown in table 2. From 
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TABLE 3.—Incidence, distribution, and fate of bacteria within the membrane. 


Number of 
membranes 
sectioned 


Strain Ectoderm 


Shee eme nee | Ce nNee 


~ 


1027 


1097 
1098 


1031 


Str. viridans 1055 


* Spreading only in areas of necrosis. 


an inspection of this table, it is evident 
that only 2 of 12 group A; 2 of 3 group 
B; none of 5 group C; one of 8 group D; 
and none of groups E, F, G, H, and K 
strains produced death in 50% or more 
of the embryos in 72 hours. The strains 
that seemed to be totally avirulent were 
group A, strains 1041, 1042, and 1063; 
group C, strain 1085; group H, strain 
1027; and the endocarditis strain 1098 
of group K, The endocarditis strains, 
1031 of group B and 1093, 1094, 1008, 
and 1017 of group D, varied in the per- 
centage of mortality they produced from 
47% for 1031 to 14% for 1094. The 
endocarditis strain 1055 (Str. viridans) 
produced a mortality of only 8.7%. 


Mesoderm 
Intracellular 

Present Being 

in destroyed 


Free Spreading — Multi- 
plying 
nil _—. 


SCS | SOSH OK K CONGONGS 
— ORK Oem Re &UNNNOS 


i 


Ne Nw 
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Relative invasiveness of the C-A 
membrane 

Table 3 shows the relative number of 
membranes that have been infected 
with each strain of Streptococcus listed 
in table 1, and the number that show 
bacteria in the ectoderm, mesoderm, 
and endoderm of the infected mem- 
branes. Table 3 also indicates which 
strains of streptococci can multiply 
within the mesoderm or mononuclear 
cells or are being destroyed by phago- 
cytic cells. 

A microscopic examination of all of 
the infected membranes listed in table 3 
showed variable amounts of an inflam- 
matory exudate over the ectoderm. 
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Ulceration and necrosis of the latter 
were present in many membranes. Of 
the 73 membranes inoculated with 12 
strains of group A streptococci, only 15 
membranes showed bacteria present in 
the ectoderm, 11 contained a few bac- 
teria free in the mesoderm or in necrotic 
lesions, and 13 showed bacteria being 
destroyed in phagocytic cells. In none of 
the 73 membranes were bacteria spread- 
ing within the mesoderm nor were they 
seen apparently multiplying within 
phagocytic cells. Somewhat similar re- 
sults were observed in membranes in- 
fected with the 5 group C strains and in 
the membranes infected with Lancefield 
strains 1095, 1014, 1096, 1027, and 1097 
and the a’ strain 1030. It is interesting 
to record, however, that aside from the 
1095, 1096, 1027, 1030, and 1055 strains 
of streptococci, the other Lancefield 
groups contained strains that produced 
necrosis in the mesoderm, varying from 
destruction of a few fibroblasts to in- 
volvement of the whole membrane. Two 
strains of group B and 7 of 8 strains of 
group D were able to invade the meso- 
derm and were frequently present in 
large numbers in mononuclear cells and 
fibroblasts. The two group B strains, 
1076 and 1031, group D strains, 1090, 
1093, and 1008, and the group K strain 
1098 were all able to spread within the 
mesoderm and to multiply within both 
mononuclear cells and fibroblasts. Mem- 
branes infected with group D strains 
1094, 1017, and 1089 showed a few bac- 
teria free in the mesoderm and many 
apparently multiplying in mononuclear 
cells. Some membranes infected with the 
1055 strain of Str. viridans showed no 
bacteria free within the mesoderm but 
many were present and multiplying in 
mononuclear cells. 


Microscopic results 


An interesting example of the mild 
inflammatory response to infection of 


one of the 9 virulent group A strains is 
brought out in the following microscopic 
findings in a stained section of strain 
1040: 


Strain 1040 (Group A).—The membrane 
shows a generalized, mild, inflammatory reaction 
with slight edema and infiltration of polymor- 
phonuclear leucocytes. In addition, there are 
focal lesions in which the ectoderm is slightly 
thickened. A more intense inflammatory picture 
appears in the mesoderm. In this lesion there is 
moderate fibroblastic proliferation of capillaries 
with focal hemorrhage. Macrophages appear 
along with polymorphonuclear leucocytes; many 
of the mononuclears are filled with red cells. There 
are some small focal necrotic lesions in the meso- 
derm involving both the mononuclears and fibro- 
blasts. Scattered diplococci and chains are found 
free in the mesoderm in the vicinity of the lesions. 
Occasionally a few cocci are likewise found in 
fibroblasts. The endoderm shows no significant 
change. 


The following descriptions of the 
microscopic findings obtained from a 
study of stained sections of membranes 
infected with group B strain 1031 and 


group D strain 1093 were quite similar 
to those seen in membranes infected with 
group B strain 1076, group D strains 
1094, 1008, 1017, and group K strain 
1098: 


Strain 1031 (Group B).—Membrane 14: There 
are focal areas of extensive ectodermal cell 
proliferation with exudation over the ectoderm 
and less proliferation of a papillary type of the 
endoderm just opposite. The stroma in this 
region shows proliferation of the fibroblasts, and 
mononuclear and polymorphonuclear leucocytes 
are scattered throughout this tissue. Elsewhere 
the lesion of the ectoderm shows slight focal areas 
of proliferation. The blood vessels in the thick- 
ened area where the proliferative change is prom- 
inent are distended and contain many nu- 
cleated red cells. Mitotic figures are numerous in 
the cells of the mesoderm as well as in some foci in 
the ectoderm. Many well-stained bacteria are 
widely disseminated throughout the mesoderm 
and are present in large numbers in some mono- 
nuclear cells and fibroblasts (fig. 1 and 2). 

Strain 1093 (Group D).—Lesions are localized 
and characterized by thickening of the ectoderm, 
mesoderm, and the endodermal layers. There is 
edema of the mesoderm, proliferation of fibro- 








: 
: 
i 
: 
i 
' 


68 N. P. SHEeRtvoop, H. R. WaHL, C. COLGLAZIER, T. R. HAMILTON, AND A. Jay 


blasts, and infiltration of mononuclear and poly- 
morphonuclear cells. There is no evidence of 
necrosis, but there are red cells in the mesoderm 
suggesting moderate hemorrhage. Over the sur- 
face there is a heavy inflammatory exudate con- 
taining mononuclear and polymorphonuclear 
leucocytes and red cells. Numerous bacteria are 
observed free in the exudate and are present in 
large numbers in many mononuclear cells. They 
seem to be multiplying in the mononuclear cells. 
A few bacteria are seen in the outer layer of the 
ectoderm and many are present in the mesoderm 
in the area of proliferation, both free and within 
the mononuclear phagocytes (fig. 3 and 4). It 
is interesting to note that while the fibroblasts 
are numerous, they only occasionally contain 
bacteria. 


The microscopic findings obtained 
from a study of stained sections of some 
membranes infected with strain 1082 
(from a case of erysipelas) of group C 
were as follows: 


Strain 1082 (Group C).—This membrane 
shows a papillomatous proliferative lesion (fig. 5). 
At the margins ectodermal cells are proliferative, 
and on the plateau-like superficial surface there 
is a thick exudate containing large masses of bac- 
teria. The core is composed of proliferative fibro- 
blastic tissue with prominent capillaries. Occa- 
sionally bacteria were seen in the proliferative 
lesions. They are few in number and not growing. 
Just below the ectoderm there are a few bacteria 
free in the mesoderm. For the most part, how- 
ever, the bacterial invasion involves primarily the 
ectoderm. Elsewhere there is a heavy inflamma- 
tory exudate over the surface of the ectoderm, in 
which clumps of bacteria are surrounded by a 
hyaline-like material. The ectoderm is very 
markedly thickened in places. The inflammatory 
exudate consists of mononuclear and polymor- 


phonuclear cells, the latter containing eosino- 
philic granules. Although the bacteria occur in 
masses in the inflammatory exudate, for the most 
part the exudate stops sharp with the ectoderm. 
There are some areas of hemorrhage in the meso- 
derm in membranes infected 72 hours. A marked 
increase in capillaries in the mesoderm is accom- 
panied by an increase in fibroblasts. Focal necro- 
sis occurring in the ectoderm is mostly superficial 
but occasionally extends to the mesoderm. Leu- 
cocytes containing bacteria are scarce. 


In marked contrast to the mild in- 
flammatory reactions in the C-A mem- 
brane pproduced by most of the strep- 
tococci listed in table 3 were the two se- 
vere types of reactions observed in some 
of the membranes infected with group D 
strain 1090 obtained fromacase of tonsil- 
litis. The following description of a 
stained section of a membrane infected 
with this strain should be compared with 
the preceding descriptions of lesions 
produced by groups A, B, and C strepto- 
cocci. 

Strain 1090 (Group D).—The membrane 
shows a violent generalized inflammatory reac- 
tion, In some areas the ectoderm is stimulated to 
proliferation and in a few areas even to keratini- 
zation. Over large areas, however, the ectoderm is 
necrotic and sloughing, leaving the surface cov- 
ered with an inflammatory exudate in which there 
are colonies of degenerating cocci. In some por- 
tions necrosis has extended to involve almost the 
entire thickness of mesoderm, leaving only deep- 
lying blood vessels and the endoderm intact. 
Here the surface is covered with a continuous 
layer of degenerating bacterial colonies and there 
is extension of coccal growth into the necrotic 
mesoderm (fig. 6). The inflammatory exudate 


EXPLANATION OF PLATE 1 

Fic. 1.—Photomicrograph of a section of a C-A membrane infected with group B hemolytic strepto- 
coccus 1031 recovered from a case of endocarditis. 125. 

Fic. 2.—Photomicrograph of the membrane shown in figure 1 showing bacteria free in the mesoderm 
and within phagocytes. There is little evidence of an inflammatory reaction in the mesoderm. 800. 

Fic. 3.—Photomicrograph of a section of a C-A membrane infected with group D hemolytic strepto- 
coccus 1093 recovered from a case of endocarditis. «125. 

Fic. 4.—Photomicrograph of the membrane shown in figure 3 showing a mild inflammatory reaction 
of the mesoderm with bacteria apparently multiplying within phagocytic cells and free ‘n the meso- 


derm. X1500. 


Fic. 5.—Photomicrograph of a section of a C-A membrane infected with group C streptococcus 
1082, recovered from a case of erysipelas. The lesion is papillomatous in type. X55. 
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includes both polymorphonuclear leucocytes and 
macrophages which are frequently necrotic. There 
is marked fibroblastic proliferation beneath de- 
nuded surfaces (fig. 7) except in areas where 
necrosis has extended deeply into the mesoderm. 
Numerous small buds or fingers of epithelial cells 
appear in the mesoderm. In non-necrotic areas 
almost no bacteria are found, either free or intra- 
cellularly. Larger blood vessels are congested but 
usually intact. There is proliferation of capillar- 
ies, however, with many focal hemorrhages. The 
endoderm in some areas shows marked papillifer- 
ous proliferation. 


Controls 


In order to better interpret the gross 
and microscopic findings, membranes 
were inoculated with sterile broth, 
serum broth, saline, suspensions of rep- 
resentatives of the 9 Lancefield groups 
washed 4 times and resuspended in 
saline, and filtrates of 24 hour broth 
cultures of the same organisms. 

Grossly the memkranes inoculated 
with serum broth cultures of the various 
strains of hemolytic streptococci ob- 


tained from Lancefield produced a gray- 
ish white- or cream-colored exudate on 
the surface within 24 hours. They be- 
came thicker at 48 and 72 hours and the 
lesions became localized. The amount of 
exudate varied from scanty to abundant. 
Membranes inoculated with filtrates of 


24 hour broth cultures increased in 
thickness when incubated 72 hours. A 
whitish exudate was frequently present 
at 24 hours and increased at 72 hours. 
When heavy saline suspensions of 
washed streptococci were inoculated in 
the membrane there was very little evi- 
dence of increase in thickness with 72 
hours. They frequently became dry at 24 


hours. At 48 hours a white web formed 
over the surface of the membrane and 
there was very little tendency to form a 
localized lesion. In interpreting these 
results one must bear in mind that the 
normal C-A membrane of the 13 day old 
embryonic chick is thin and the ecto- 
dermal and endodermal layers each 
consist, as a rule, of a single layer of 
cells. In the mesoderm the few polymor- 
phonuclear cells present contain eosino- 
philic granules. 

In membranes inoculated with saline 
there was no ectodermal or endodermal 
proliferation. There appeared to be a 
slight increase in the number of poly- 
morphonuclear leucocytes, small and 
large mononuclear cells, and fibroblasts 
in the mesoderm. In membranes inocu- 
lated with sterile serum broth, there was 
frequently an increase in the polymor- 
phonuclear and mononuclear cells in the 
exudate and some ectodermal and meso- 
dermal proliferation without necrosis at 
72 hours; an increase in polymorpho- 
nuclear and mononuclear cells, myelo- 
cytes, and fibroblasts occurred in the 
mesoderm. Washed suspensions pro- 
duced milder reactions than serum 
broth, while washed suspensions of 
group B strain 1080, group C strain 1081 
and strains 1014 and 1097 of groups F 
and K, respectively, produced much 
milder reactions in the mesoderm than 
representatives of the other groups. 
Superficial necrosis of ectodermal cells 
was produced only by washed suspen- 
sion of strains E, H, and K. Filtrates of 
serum broth cultures of all the strains 
obtained from Lancefield, except strain 


EXPLANATION OF PLATE 2 


Fic. 6.—Photomicrograph of a section of a C-A membrane infected with group D streptococcus 
1090. Necrosis extends through ectoderm and mesoderm, leaving the endoderm and blood vessels 


intact. X 300. 


Fic. 7.—Photomicrograph of another area in the membrane shown in figure 6. The necrosis of the 
ectoderm stopped sharply at the mesoderm which responded to injury by a marked proliferative 


lesion. X600. 
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1080 representing group B, produced 
more necrosis of the ectoderm than the 
corresponding washed bacterial suspen- 
sions but less than that resulting from 
infection. Washing the bacteria with 
saline reduced their ability to injure the 
C-A membrane during the 72 hours fol- 
lowing inoculation. 


DISCUSSION 
Mortality 


The fact that large doses of strepto- 
cocci never produced 100% mortality 
among the embryos inoculated with 
any of the strains indicates (1) great 
variation in host resistance to strepto- 
coccal infection and (2) the relatively 
low virulence possessed by many of the 
strains for the 12 to 13 day embryonic 
chick. The variation jn the number of 
embryos surviving such large doses indi- 
cates great variation in virulence among 
strains of streptococci belonging to 
Lancefield groups A, B, C, D, and K. It 
is quite likely that such results would 
apply to strains of groups E, F, G, and 
H if more than one strain was employed. 

A wide difference in dosage producing 
50% mortality was observed. An inocu- 
lum of 1/50 ml of undiluted 24 hour 
serum broth cultures produced a zero 
mortality in embryos inoculated with 
3 of 12 group A, 1 of 5 group C, 1 of 1 
group H, and 1 of 2 group K strains in 
72 hours. The same volume of undiluted 
cultures of 7 group A, 4 group C, 7 
group D, and of a single strain of E, F, 
G, and K produced death in less than 
50% of the embryos inoculated with the 
respective strains. In contrast to these 
results, two strains of group A, numbers 
1040 and 1041, and group B strain 1076 
produced 50% mortality when inocu- 
lated with 1/50 ml of dilutions of 10-%, 
10-*, and 10~*, respectively. The highest 
dilution of group D strain 1090 causing 
a 50% mortality was not determined 
but would probably be around 107%. In 


other words the dose producing a 50% 
mortality varied from 50,000,000 to 50 
bacterial cells, thus indicating a large 
variation in virulence among the vari- 
ous strains. 


Inflammatory reactions and mechanism 
of invasion 

Inflammatory reaction.—Twenty-four 
hours after inoculation of the membrane 
with serum broth cultures of streptococci 
an exudate containing bacteria and many 
polymorphonuclear leucocytes possess- 
ing eosinphil granules appeared. In the 
area where infection was taking place 
there was a thickening of the membrane 
due to edema and proliferation of ecto- 
dermal, mesodermal, and frequently en- 
dodermal cells. Polymorphonuclear leu- 
cocytes containing eosinophil granules 
increased in number in the mesoderm. 
At 48 and 72 hours there was a notice- 
able increase of mononuclear cells and 
fibroblasts in the mesoderm. In many 
sections, particularly where there ap- 
peared to have been a marked prolifera- 
tive stimulus to ectoderm and meso- 
derm, small detached groups of cells re- 
sembling ectodermal epithelium ap- 
peared to have penetrated more or less 
deeply into the mesoderm. These 
appeared to have lost contact with the 
surface ectoderm; in fact, they may 
appear beneath areas in which surface 
epithelium has desquamated completely. 
Small rounded groups may occur as 
discrete islands, or a number of closely 
spaced, irregularly shaped cell clusters 
may extend linearly for some distance 
just beneath the surface of the meso- 
derm. While some of these cell clusters 
superficially resembled giant cells, in 
general the nuclei closely resembled 
those of the overlying epithelium, and 
the cytoplasm generally stained baso- 
philic. Also, cell boundaries were gener- 
ally visible. The lesions became localized 
in about 72 hours. The polymorphonu- 
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clear leucocytes rarely phagocytized 
streptococci; hence in the early stages 
the bacteria were successfui in multi- 
plying in the exudate. When the mono- 
nuclear phagocytes arrived, they began 
engulfing bacteria. 

Necrosis.—The bacterial growth on 
the surface not only stimulated prolifer- 
ation of ectodermal cells but also caused 
necrosis varying from superficial to 
destruction of the entire ectoderm. 
These results were similar to those re- 
ported by Goodpasture and Anderson! 
for their 4 strains of 8 hemolytic strep- 
tococci which they did not group, but, 
judging from the behavior of these 
strains, probably belonged to group A, 
C, or G. In the case of the membranes 
infected with group A, most group C 
streptococci, the mastitis strain 1080 of 
group B, strains of E, F, G, and strain 
1097 of group K, the necrosis stopped 
almost abruptly when it reached the 
mesoderm. While a few bacteria were 
seen in some sections and in places a few 
fibroblasts or mononuclear cells were 
necrosed, the bacteria were held in 
check after necrosis had created a portal 
of entry. These results suggest that 
either the bacteria do not produce a 
spreading factor or else the spreading 
factor is inhibited by something in the 
mesoderm. They also seem not to pro- 
duce, either directly or indirectly, a 
necrotizing factor for mesodermal cells. 
In the case of group D strain 1090, 
necrosis did not stop at the mesoderm 
in some areas of the membrane, but pro- 
ceeded by direct extension to destroy 
all of the mesoderm, except the walls of 
the blood vessels, leaving the endoderm 
intact. Apparently different areas in 
this and other membranes varied in 
resistance to necrosis or invasion, since 
at another place in the same membrane 
the necrosis stopped sharply when the 
mesoderm was encountered and the 
latter developed a striking proliferative 


response. No bacteria were seen in the 
latter areas. It is probable that by ne- 
crosis or direct invasion of the ectoderm, 
group A, C, and some of the other strep- 
tococci can enter the blood stream. 
While group A, C, E, F, G, and H 
streptococci are engulfed and destroyed 
by mononuclear phagocytes, it is well 
known that group A, C, and G strepto- 
cocci are able to destroy many leuco- 
cytes. There is the possibility, however, 
of invasion of the blood stream by mi- 
grating mononuclear cells containing 
bacteria shortly after phagocytosis and 
before the leucocyte is killed or lysed. 
Todd? has made an extensive study of 
the leucocidin produced by group A 
hemolytic streptococci and offers evi- 
dence indicating that the leucocidin 
lysing leucocytes may be identical with 
streptolysin “‘O."’ Menkin‘ has found 
that substances very toxic for tissue 
may originate from tissue injury and 
calls the factor in inflammatory exu- 
dates that injures tissue ‘‘necrosin.’’ He 
believes it arises from tissue break- 
down. On the other hand, Watson’ has 
shown that in inflammatory exudates of 
the rabbit infected with anthrax there is 
a factor very injurious to the tissue 
which is similar to a factor in the capsu- 
lar substance of Bacillus anthracis or B. 
subtilis. Watson’ has identified this toxic 
factor as very similar but not identical 
to glutamyl polypeptide isolated from 
B. subtilis. He has, however, shown that 
the inflammatory factor injures tissue 


3. Todd, E. W. 1942, The leucocidin of group A 
haemolytic streptococci, Brit. J. Exper. Path. 
23: 136-145. 

. Menkin, V. 1945, The significance of biochem- 
ical units in inflammatory exudates, Science. 
101: 422-425. 

. Watson, D. W. 1947, Studies on infection with 
Bacillus anthracis V. The isolation of an in- 
flammatory factor from crude extracts of 
lesions of B. anthracis infection and its bio- 
logical and chemical relationship to glutymyl 
polypeptide, J. Infect. Dis. 80: 121-136. 
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and seems to function as a spreading 
factor, whereas glutamyl polypeptide 
does neither of these. The source of the 
toxic factor seems to be undetermined. 

Earlier in this paper attention is 
called to the ability of sterile filtrates of 
serum broth cultures of the streptococci 
being studied to produce necrosis of the 
ectoderm. Whether this necrosis is due 
to the formation of anti-enzymes such 
as anti-trypsin liberating trypsin in the 
horse serum, or tissue cells, or to inter- 
ference with the respiratory or other 
enzyme systems of the tissues is un- 
known but is being investigated. Like- 
wise, the ability of phagocytes to kill 
bacteria may involve mechanisms sim- 
ilar to those the bacteria used to destroy 
and lyse tissue cells. 

Cell penetration and phagocytosis.— 
While one has to rule out secretory 
granules and mitotic configurations that 
may be seen in most of the sections, a 
careful study revealed bacteria present 
in the ectodermal cells of some mem- 
branes. In membranes infected with 
group A strain 1061, obtained from a 
case of erysipelas, the bacteria were mul- 
tiplying in the ini:ammatory exudate 
and disintegrating ectodermal cells. In 
those membranes infected with those 
group B, D, and K strains where bac- 
teria were found spreading within the 
mesoderm or apparently multiplying 
in mononuclear ceils, phagocytes full 
of bacteria were observed apparently 
migrating through the ectoderm and 
through the walls of small vessels in the 
mesoderm. In a number of slides of these 
membranes, bacteria were present in the 
cells of the walls of some of the small 
blood vessels. Since small blood vessels 
are present in the ectoderm, it is evident 
that leucocytic transportation or some 
form of direct invasion of the ectoderm 
and vessel wall would enable bacteria to 
enter the blood stream. Apparently the 
single layer of cells forming these small 
vessel walls are phagocytic. Phagocytes 


containing bacteria were also observed 
in membranes infected with streptococci 
belonging to other Lancefield groups of 
streptococci. 

Not infrequently bacteria were pres- 
ent in a fairly wide zone around a small 
blood vessel. In some instances bacteria 
were present free within the lumen of 
these vessels. The observation of bac- 
teria free within the lumina of blood 
vessels in the mesoderm of a viable em- 
bryo indicates an intense bacteremia. 
The lack of necrosis or intense inflam- 
matory reactions in such areas indicates 
an indifference on the part of the tissues 
to the presence of these strains of strep- 
tococci or conversely to the inability of 
these streptococci to produce substances 
toxic to the tissue cells or leucocytes. 
Lancefield® says that groups B and D 
streptococci do not produce Streptolysin 
“O” which Todd regards as identical 
with leucocidin. It does not seem possi- 
ble that in areas where bacteria are 
spreading in the mesoderm the absence 
of an inflammatory reaction can be due 
to a dispersal of the bacteria as de- 
scribed by Duran-Reynolds’ for viruses 
and bacteria. An inspection of figure 2 
shows bacteria present in numbers 
which'seem too large for this to be true. 
This is also indicated by the observation 
that the strains showing the greater 
tendency to spread produced a higher 
mortality than those that seemed able 
to spread only to a limited extent in the 
mesoderm. The fact that Str. viridans 
(strain No. 1055) seemed to multiply 
within mononuclear cells without in- 
juring them but was not able to spread 
within the mesoderm suggests that it 
possesses no mechanism of spreading, or 
if it does, something in the mesoderm 
inhibits the spreading factor. 


6. Lancefield, R. C. 1940-41, Harvey Lect. 251- 
290. 
. Duran-Reynals, F. 1942, Tissue permeability 
and spreading factor in infections, Bact. Rev. 
6: 197-252. 
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Offensive mechanisms of streptococci 

Apparently the bacteria produce some 
substances that either directly or indi- 
rectly alter the permeability of the 
tissue cells, including those of the vessel 
walls. It is known that many group A, 
C, and G streptococci produce leucotox- 
ins which Todd? thinks are identical 
with hemolysin ‘‘O."’ There is some evi- 
dence to indicate that leucotoxins are 
able to render ineffective the respiratory 
enzymes of the leucocytes. Whether 
they or some other substances cause ly- 
sis of leucocytes is not known. It is evi- 
dent from the work being reported in 
this paper, as well as from Goodpastures 
and Anderson's experiments, that group 
A, C, or G streptococci from clinical 
cases cause necrosis of the ectoderm and 
occasionally small areas of focal necrosis 
in the mesoderm. As reported earlier in 
this paper, a strain of group D strepto- 
coccus produced necrosis of the ecto- 
derm that, by direct extension, involved 
the entire mesoderm in the area. Since 
the necrosis of the ectoderm produced 
by group A and C streptococci stopped 
rather abruptly when the mesoderm was 
reached, it may be that more than one 
necrotizing substance exists. Just what 
these necrotizing substances are that are 
present in streptococcal infections is un- 
known. Apparently some type of necro- 
tizing substance is produced in serum 
broth cultures of the streptococci, and 
it is possible that additional necrotizing 
substances similar to those described by 
Menkin and Watson result from tissue 
destruction. Among other things fre- 
quently present in the armamentarium 
of the virulent streptococcus normal 
mechanism are fibrinolysins and spread- 
ing factors. 

The spreading factor was discovered 
by Duran-Reynolds’? and is now re- 
garded as an enzyme hyaluronidase. 
This acts upon hyaluronic acid that 
makes up the cement substance of the 
tissue and permits spreading of the bac- 


teria and other substances. According to 
Duran-Reynolds’ it may be instrumen- 
tal in the spread of infection or it may 
cause such an extreme dispersion of the 
bacteria that at no place are there 
enough bacteria to set up infection. The 
role of streptolysin “‘O,”’ hyaluronidase, 
fibrinolysins, and capsular material in 
streptococcal infections is being investi- 
gated. Since hyaluronic acid is not spe- 
cies-specific, it seems important to in- 
vestigate the ability of streptococci 
listed in table 1 to produce hyaluroni- 
dase and to compare the results with the 
invasiveness of the various streptococci. 
A voluminous literature has grown up 
concerning the methods of detection and 
mechanism of action of hyaluronidase 
and the percentage of Lancefield group 
A and C strains that produce it. Lance- 
field® considers that an ‘‘M”’ substance, 
a protein fraction present in those vari- 
ants which form mucoid or matt colo- 
nies plays an important role in the viru- 
lence of group A streptococci. How this 
protein affects the virulence of group A 

streptococci is unknown. Pharmacologi- é 
cal studies of the ‘‘M’’ substance, the 
carbohydrate fractions, intact cellular 
proteins, and toxins are being carried 
out and will be reported upon later. 
Haas' postulates the existence of various 
invasion factors which he calls proin- 
vasin I, proinvasin II, proinvasin III, 
etc. He believes that the tissues resist 
invasion because of the presence of 
anti-invasion factors which he _ has 
named anti-invasin I, anti-invasin II, 
anti-invasin III, etc. Friou and Wenner® 
report the occurrence in human serum 
of a hyaluronidase-inhibiting substance 


. Haas, E. 1946, Mechanism of invasion I. 
Anti-invasin I. An enzyme in plasma, J. Biol. 
Chem. 163: 63-88. 

. Friou, S. J. and Wenner, H. A. 1947, On the 
occurrence in human serum of an inhibitory 
substance to hyaluronidase produced by a 
strain of hemolytic streptococci, J. Infect. Dis. 
80: 185. 
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produced by a strain of hemolytic 
streptococcus. It seems necessary to 
investigate the phenomena described 
by Haas and also to ascertain whether 
any of the strains listed in table 1 pro- 
duce hyaluronidase. For these reasons 
it is desirable to reserve a discussion 
of the literature relative to hyaluron- 
idase and Haas’ factors for inclusion 
in separate papers. The mesoderm of 
membranes infected with all of the 
strains of streptococci, contained not 
only phagocytes that can destroy bac- 
teria, but the mesoderm also possessed 
some non-cellular mechanism that en- 
abled it to resist invasion and cellular 
destruction. 


Defensive mechanism of the host 


The defensive mechanisms of the 13 
day embryonic chick are especially in- 
teresting since it is possible that this age 
embryo does not possess specific anti- 
bodies against the streptococci with 
which they were infected. Beveridge and 
Burnet!® and Brandly, Moses, and 
Jungherr™ have reviewed the literature 
concerning antibodies in the embryonic 
chick. It seems to be well established 
that in eggs laid by hens immune to fowl 
plague, Newcastle disease, and infec- 
tious bronchitis, the yolk contains 
antibody. The antibodies against the 
virus of Newcastles disease has been 
found to reach the embryonic serum 
from the yolk by the 15th day. As early 
as 1893, Klemferer found tetanus anti- 
toxin in the yolk of eggs laid by hens 


10. Beveridge, W. I. B. and Burnet, F. M. 1946, 
The cultivation of viruses and rickettsiae in 
the chick embryo. Great Britain Med. Res. 
Council, Special Report. Series No. 256. His 
Majesty’s Sta. Off. 92. 

. Brandley, C. A., Moses, H. E. and Jungherr, 
E. L. 1946, Transmission of antiviral activity 


via the egg and the role of congenital passive 
immunity to newcastle disease in chickens. 


Am. J. Vet. Research. 7 (24): 333-342. 


immunized against tetanus. Apparently 
diptheria immunization of hens results 
in the same phenomenon. There is evi- 
dence that the antitoxin is transferred 
to the yolk during maturation in the 
Graafian follicle and that it reaches the 
embryo during the first 10 days. There 
is evidence indicating that active im- 
munization of the embryo cannot pro- 
duce antibodies to such antigens as 
diphtheria and tetanus toxoids. Sher- 
man” reported that heterohemolysins 
do not appear in the embryonic chick 
until the time of hatching. While there 
seems to be no particular reason to sus- 
pect that specific anti-streptococcal 
antibodies are present in the 13 day 
embryonic chick, the subject should be 
investigated further. 

It is evident from a study of stained 
sections of the membranes infected with 
streptococci obtained from acute infec- 
tions and from stained smears made 
from inflammatory exudates of mem- 
branes infected with these streptococci, 
that phagocytosis with the subsequent 
destruction of bacteria plays an im- 
portant defensive role in membranes in- 
fected with bacteria belonging to Lance- 
field’s groups A, C, G, E, F, and certain 
strains of B, D, and K respectively. In 
the above mentioned sections, bacteria 
were observed being destroyed within 
mononuclear cells and in some instances 
in fibroblasts. The mesoderm appeared 
resistant to invasion by the bacteria. 
While bacteria were present in rela- 
tively large numbers both outside and 
inside phagocytic cells in membranes 
infected with certain strains of Lance- 
field groups B, D, and K obtained from 
subacute human infections, neither the 
leucocytes, bacteria, nor tissue cells ap- 
peared injured, judging from the way 


12. Sherman, Hal W. 1919, Antibodies in the 
chick. J. Infect. Dis., 25: 256-258. 
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they stained. The principal immunity 
exhibited by these infected membranes 
was one of resistance to injury. This 
form of immunity is usually called 
anergy. One might regard as anergy the 
defensive mechanism of bacteria that 
were apparently multiplying within the 
phagocytes without either they or their 
host being injured. It would seem that 
such host-parasite relationship indi- 
cates that the metabolism and metabol- 
ic products of both are compatible. 

It is debatable whether or not it is 
justifiable to conclude that neither leu- 
cocytes nor bacteria are injured when a 
phagocyte is observed full of bacteria, 
and both the phagocyte and the bacteria 
are stained like uninjured cells. The au- 
thors of the present paper believe that 
Goodpasture and Anderson! are justified 
in assuming that this evidence of via- 
bility of leucocytes and bacteria is valid. 
Many statements in the preceding dis- 
cussion are based upon Goodpasture and 
Anderson's criterion of viability of bac- 
teria and tissue cells. As a matter of fact, 
pathologists in general use this same 
criterion in forming their opinions as to 
whether cells are undergoing degenera- 
tion, necrosis, etc. 

During the past ten years research in 
bacterial physiology has thrown much 
light upon the mechanisms involved in 
the action of sulphonamides and anti- 
biotics upon bacteria and upon the na- 
ture of fibrinolysins. There are innumer- 
able papers in the literature reporting 
results indicating that the battle be- 
tween host and parasite in its final 
analysis involves attacks upon hosts 
and parasites’ enzyme systems. Possibly 
host resistance is determined by the 
presence of components able to suppress 
to a sufficient degree, the vital enzy- 
matic processes of the parasite. Such 
antienzymatic substances may be nor- 
mally present in tissues, as the proteolyt- 


ic inhibitor found in normal serum and 
reported by Schmitz."* They may also 
arise from antigenic stimulation. Kubo- 
witz and Ott" isolated pyruvic acid de- 
hydrogenase from rat Jensen-sacroma 
and rat muscle. This enzyme system is 
common to many living cells but neither 
the chemical structure of the prosthetic 
group, the crystalline form of the pro- 
tein moiety, nor the catalytic activity 
in any way differ according to source. 
However, antigenic differences do exist. 
The authors mentioned above produced 
antienzymes which inhibited the activity 
of the enzyme system in question. Nor- 
mal plasma was without effect. Wohl- 
fiel!’ showed that agglutinating serum 
inhibited respiration of motile typhoid 
bacilli but was stimulatory to non- 
motile strains. Suranyi and Patoczy" 
showed that immune serum partially 
inhibted the respiration of B. pyocya- 
neus, but in the presence of immune 
serum and complement, respiration 
stopped completely. Moulder!’ has re- 
cently offered experimental evidence 
suggesting tnat ablastin inhibited the 
oxidative assimilation of glucose in 
such a manner as to stop all division and 


13. Schmitz, A. 1938, Ueber den Trypsin-Inhi- 
bitor des Blutes. Hoppe-Seyler’s Ztschr. 255: 
234-240 (cited by Sevag). 

. Kuboinitz, F. and Ott, P. 1943, Isoherung 
und Kristallisation unes Garungsfermentes 
aus Tumoren, Biochem. Ztschr., 314: 94-117 
(cited by Sevag). 

5. Wohfeil, T. 1933, Ueber die Atonund von 
Bakterium Typhi, Paratyphi B. Schott- 
mueller and Pseudodysenteriae unter dem 
Einfluss normaler, agglutinierender und bak- 
terizider seren, Ztschr. f. Immunitatsforsch. 
78: 355-371 (cited by Sevag). 

. Suranyi, J. and Paloczy, J. V. 1930, Bakte- 
rienatmung und Immunreaktion. Versuche 
mit B. pyocyaneus, Ztschr. f. Immunitats- 
forsch 69: 161-168 (cited by Sevag). 

. Moulder, James W. 1948, Changes in glucose 
metabolism of Trypanosoma lewisi during 
the course of infection in the rat. J. Infect. 
Dis. 83: 42-50. 
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growth of Trypanosoma lewisi. Years 
ago Metchnikoff,'* Opie,'® and others 
called attention to the importance of 
leucocytic enzymes in the destruction 
of bacteria. Sevag?® has discussed ex- 
tensively the literature bearing upon the 
similarity of antigens and antibodies to 
biocatalysts. 

In the present study one is faced with 
the fact that the 13 day embryonic 
chick is a living host that is thought not 
to possess specific antistreptococcal anti- 
bodies. To explain the destruction of 
streptococci by phagocytes in mem- 
branes infected with bacteria from 
acute infections two possible explana- 
tions may be considered. (1) The 13 day 
old chick either possesses specific anti- 
bodies or (2) it produces non-specific 
substances that perform the functions of 
antibodies but lack antigenic specificity. 
Hyaline-like substances mentioned by 
Goodpasture and Anderson’ surround- 
ing clumps of bacteria in the inflam- 
matory exudate were observed in mem- 
branes infected with only 6 strains 
of Lancefield groups A, C, D, and G 
streptococci. Goodpasture and Ander- 
son regard the formation of such mate- 
rial as part of the defensive mechanisms 
of the host. Since bacterial clumps sur- 
rounded by this material undergo de- 
generation, it seems logical to agree 
with Goodpasture and Anderson's con- 
clusions. The phenomena just described 
can be seen in figure 5. Since it was ob- 
served only in a few membranes in- 
fected with 6 of the 36 strains of strep- 
tococci, it would seem to play only a 
minor role in defense unless it coats 


18. Metchnikoff, E. 1907, Immunity in infectious 
diseases, translated by F. G. Binnie, London, 
Cambridge University Press. 

. Opie, E. L. 1906, The enzymes in phagocytic 
cells of inflammatory exudates. J. Exper. 
Med. 8: 410. 

. Sevag. M. G. 1945, Immuno-Catalysis, 
Springfield, Ohio. Charles C Thomas Com- 
pany. 214. 


small groups of cocci and functionsas 
a non-specific opsonin. 

The subject of selective phagocytosis 
is covered thoroughly in a monograph 
by Knisely, Block, and Warner,” who 
offer convincing evidence that cells or 
particulate matter are not phagocytized 
by cells of the liver sinusoids unless the 
particles are coated with what the 
authors regards as protein material. 
Wood” reports on a_non-antibody 
mechanism of phagocytosis, which he 
calls ‘‘surface phagocytosis,” involving 
the trapping of bacteria against the 
surface of alveolar walls. Whether such 
a mechanism is responsible for any of the 
phagocytosis in the C-A membrane is 
unknown. It is important that bacteria 
be phagocytized, but it is equally im- 
portant to the host that the phagocyte 
be able to either hold in check or kill 
the bacteria after it is engulfed. The 
killing and digesting of the parasite un- 
doubtedly involves enzymes and _ in- 
volves the effect of metabolic products of 
enzymes. 

The resistance to changes in perme- 
ability and the proliferative response to 
injury are in reality a part of the de- 
fensive mechanism of the host tissue to 
infection. Although little is known 
about the mechanism of cells resistance 
to changes in permeability, a great deal 
is known about certain types of prolifer- 
ative response in mammals. Menkin‘ 
has shown that injured tissue may liber- 
ate a _leucocytosis-promoting factor 
which causes an increase in the number 
of leucocytes by causing hyperplasia of 
granulocytic and megakaryocytic ele- 
ments in the bone narrow. It seems to 
21. Knisley, M. H., Bloch, E. H. and Warner, L. 

1948, Selective Phagocytosis I. Det Konge- 
lige Danske Videnskabernes Selskab, Bio- 

logiske Skrifter, Bind IV, Nr. 7: 1-93. 

. Wood, B. 1947, The mechanism of recovery 


in acute bacterial pneumonia. Ann. Int. Med. 
27: 347-351. 
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be either a pseudo-globulin or is at least 
closely associated with that fraction of 
exudate. While such a substance may 
be responsible for the increase in granu- 
locytes in the C-A membrane it must be 
remembered that the granulocytes do 
not phagocytize streptococci in the 
membrane, and hence are of no apparent 
value in defense. Whether some other 
substance is liberated from injured tis- 
sue or produced by streptococci which 
causes the increase in mononuclear 
phagocytes and fibroblasts is being in- 
vestigated. 


Causes of death 


The exact mechanism causing death 
of embryos infected with streptococci 
which are virulent for the 13 day em- 
bryonic chick was not determined. 
Goodpasture and Anderson autopsied a 
number of embryos and reported that 
“microscopic examination of embryonic 
organs has shown no evidence of bac- 


terial infection.”’ They did find strepto- 
cocci present extracellularly in blood 
vessels, especially of the hepatic sinuses 
of dead embryos. It is evident that this 
question needs further study. 


SUMMARY AND CONCLUSIONS 


Experimental streptococcal infection 
of the C-A membrane of the 13 day em- 
bryonic chick was produced by 36 
strains of streptococci representing the 
9 Lancefield groups A to K, 1 strain of a’ 
and 1 of Sir. viridans. All were B hemo- 
lytic except the a’ and Str. viridans. 
Eighteen of the strains, including a’ 
were recently isolated from cases of 
acute infection, and 8, including Sir. viri- 
dans, were recently isolated from cases 
of subacute infections. Seven of the 
latter were endocarditis cases and one a 
kidney infection. Ten strains of strep- 
tococci isolated from patients with acute 
infections belonged to Lancefield group 
A; 4 to group C; 3 to group D; and 1 was 


the a’ streptococcus. Two of the 8 
strains of streptococci isolated from 
patients with subacute infections be- 
longed to Lancefield group B, 4 to group 
D, 1 to group K, and the 8th wasa strain 
of Str. viridans. 

In membranes infected with strepto- 
cocci from acute infections, there was 
ulceration and necrosis of the ectoderm 
that in most cases stopped sharply at 
the mesoderm. However, a_ limited 
amount of necrosis of the mesoderm by 
direct extension was produced by some 
strains, although only one, a Lancefield 
group D strain from a case of tonsillitis, 
carried the necrosis through the entire 
ectoderm and mesoderm, leaving intact 
only the endoderm and the walls of the 
blood vessels in the mesoderm. Different 
areas in the same membrane showed 
striking differences in resistance to ne- 
crosis by direct extension. Bacteria ob- 
tained from acute infections, regardless 
of their Lancefield grouping, were fre- 
quently phagocytized and destroyed 
within mononuclear cells or fibroblasts. 
They were unable to establish them- 
selves within the mesoderm or mesoder- 
mal cells. In contrast with these findings 
hemolytic streptococci from 7 cases of 
subacute infections were present both 
outside and inside mononuclear cells 
and fibroblasts within the mesoderm. 
Str. viridans was present in large num- 
bers within some mononuclear cells and 
fibroblasts but was not observed out- 
side of mesodermal cells. Two of the 
group B streptococci and one group D 
from subacute infections were able to 
spread quite extensively in viable mem- 
branes, while the remaining group D and 
K strains, from subacute infections, 
spread to a lesser extent in the meso- 
derm. 

It is interesting to note that these 
infections were produced in an animal, 
the 13 day embryonic chick, that is 
probably free of specific antistrepto- 
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coccal antibodies. If coating of the 
streptococci by some protein-like sub- 
stance is necessary for phagocytosis in 
the 13 day embryonic chick, one would 
seem justified in postulating at least two 
possibilities: (1) either specific anti- 
bodies of maternal origin, for the strep- 
tococci are present within the mem- 
brane; or (2) the more probable explana- 
tion, that some non-specific mechanism 
is involved. The literature pertaining to 
antibodies in the embryonic chick is 
summarized. 

The mesoderm seemed to be able to 
resist serious serious damage by most of 
the strains isolated from either acute or 
subacute infection. This type of resist- 
ance is often called anergy. The role 
which enzymes and anti-enzymes pro- 
duced by both parasite and host play in 
infection is discussed. The literature on 
this subject indicates that the battle be- 
tween host and parasite in its final 


analysis involves attacks upon hosts’ 
and parasites’ enzyme systems. Specific 
examples are given illustrating recent 
progress in our understanding of en- 
zymes and anti-enzymes. Apparently in 
membranes infected with streptococci 
from subacute infections there was no 
incompatibility between the mtabolism 
in the C-A membrane of the host and 
the metabolism of the parasite. 

While the series is too short to justify 
any general conclusions concerning the 
ability of bacteria discussed in this re- 
port to establish host-parasite relation- 
ships it is sufficient to indicate striking 
physiological differences in streptococci 
not detectable by cultural or serological 
methods. 

It is also interesting to note that the 
phenomena observed in C-A membranes 
did not correlate with the mortality of 
the embryos. 
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In a previous communication! it was 
reported that 8 strains of streptococci, 7 
belonging to Lancefield groups B, D, 
and K and one Str. viridans, were able 
to invade the mesoderm of the chlorio- 
allantoic (C-A)’ membrane of the 13 
day embryonic chick and apparently 
multiply within phagocytic cells. All ex- 
cept the strain of Str. viridans were able 
to spread within the mesoderm without 
eliciting more than a mild inflammatory 
response. Twenty-five other strains rep- 
resenting all of the Lancefield groups A 
to K, inclusive, were unable to establish 
themselves within the mesoderm either 
within or outside of phagocytic cells and 
were apparently destroyed by the latter. 
In order to study the various phenom- 
ena associated with a living host in- 
fected by streptococci, it was decided to 
carry out a series of investigations of 
the various factors presumed to influ- 
ence virulence and ultimately tocorre- 
late the results with the clinical source 
of the bacteria and their virulence for 
the 13 day embryonic chick and for 
white mice. In the present paper, 65 
strains of 8 hemolytic streptococci, 3 a’ 
and one Str. viridans strain were em- 
ployed in an investigation of the influ- 
ence of hyaluronidase on the virulence of 
streptococci. 

Since the discovery of spreading fac- 
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tors by Duran-Reynals? in 1928 and the 
subsequent identification of the connec- 
tive tissue substrate hyaluronic acid and 
its specific enzyme hyaluronidase, con- 
siderable controversy has arisen regard- 
ing the ability of this spreading factor 
to enhance the disease producing-power 
of an organism. There is also some de- 
bate as to the identity of the spread- 
ing factor and hyaluronidase. This is 
brought out in an excellent review of 
the literature by Fleming,* who states: 
“Though there are likely a number of 
spreading factors, that which has been 
identified with the enzyme hyaluroni- 
dase would seem to be of major signifi- 
cance. .. . He [Duran-Reynals] is of the 
opinion that, whereas the other bacterial 
weapons employed in the invasion of 
tissue are directed against barriers, such 
as the mobilization of phagocytic cells 
and the laying down of a fibrin clot— 
phenomena which are called forth by 
the appearance of the invading organ- 
ism—the spreading factor acts upon a 
preexisting physiologic barrier. The 
corollary to this is that hyaluronidase 
production is probably the first force 
called into action by those organisms 
able to secrete it in their attempt to 
pass through the connective tissue.”’ In 
a later paper some data concerning the 
relationship of hyaluronidase to other 
spreading factors will be reported. 
The problem in the case of strepto- 
cocci is considerably complicated be- 
cause some strains produce hyaluronic 


2. Duran-Reynals, F. 1928, Exaltation de l’ac- 
tivate du virus vaccinal par les extraits des 
certains organs. Compt. rend. Soc. de Biol. 
99: 6-7. 

. Fleming, D. S. 1946, The spreading factors and 
bacterial infection. Am. J. M. Sc. 211: 374- 
379. 
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acid in the capsule and because hyalu- 
ronidase is apparentally erraticly formed 
by a given strain. Duran-Reynals? in 
his early investigations reported that 
the degree of invasiveness of strepto- 
cocci was largely determined by the 
amount of spreading factor produced 
and that in two erysipelas strains the 
ability to produce hyaluronidase seemed 
to be correlated with the spread of the 
strain through the skin. McClean‘ found 
that 4 erysipelas strains which he iso- 
lated produced a spreading factor. Later 
McClean and Hale® reported that some 
strains of streptococci produced a vis- 
cosity-reducing enzyme or hyaluroni- 
dase. Hobby et al.® isolated a group A 
type 4 strain which produced hyaluroni- 
dase. Meyer et al.’ found no hyaluroni- 
dase activity in 13 out of 14 group A 
strains tested and found one scarlet 
fever strain which gave a viscosity-re- 
ducing activity in one out of three sam- 
ples. They also found that of two group 
C strains tested, one was inactive and 
the other was highly active although ex- 
tremely variable. Rogers* showed that 
high-titer hyaluronidase is formed in a 
semi-synthetic medium containing glu- 
cose and potassium hyaluronate at a pu 
of 7.4. 


4. McClean, D. 1941, The capsulation of strepto- 


cocci and its relation to diffusion factor 
(hyaluronidase). J. Path. & Bact. 53: 13-27. 

. McClean, D. and Hale, C. W. 1941, Studies 
on diffusing factors. The hyaluronidase activ- 
ity of testicular extracts, bacterial culture 
filtrates and other agents that increase tissue 
permeability. Biochem. J. 35: 159-183. 

. Hobby, G. L., Dawson, M. H., Meyer, K. 
and Chaffee, E. 1941, The relationship be- 
tween spreading factor and hyaluronidase. J. 
Exper. Med. 73: 109-123. 

. Meyer, K., Chaffee, E., Hobby, G. L. and 
Dawson, M. H. 1941, Hyaluronidase of bac- 
terial and animal origin. J. Exper. Med. 73: 
309-326. 

. Rogers, H. J. 1945, The conditions controlling 
production of hyaluronidase by microorgan- 
isms grown in simplified media. Biochem J. 
39: 435-443. 


Crowley® studied hyaluronidase pro- 
duction by streptococci in relation to 
serological groups and types, to capsule 
formation, and to sources of the strains. 
Three hundred and seventy-six strains 
were tested using the mucin clot method; 
308 of these belonged to group A and 
were distributed among 28 serological 
types. Sixty-four of these strains show- 
ing hyaluronidase activity belonged to 
types 4 and 22. Seventy-two% of type 4 
and 96% of type 22 were hyaluronidase 
producers. Thirty-five of 55 group C 
strains showed hyaluronidase activity. 
All 13 group G strains tested showed 
activity. No capsulated strain was 
shown to produce hyaluronidase and 
hyaluronidase-producing strains did not 
seem to be associated with any particu- 
lar type of infection.* 

Meyer'® stressed the variability of 
hyaluronidase production by strepto- 
cocci. Employing certain strains ob- 
tained in animals, using both culture 
medium and purified samples, he found 
a pronounced spreading within the skin 
could not be correlated with the in vitro 
titer of hyaluronidase activity. In addi- 
tion, he questioned whether the failure 
to demonstrate hyaluronidase is synony- 
mous with its absence and suggested 
that hyaluronidase in_ streptococci 
should be studied further. Hechter" re- 
ports that the dermal barrier in man 
which is altered by the intradermal in- 
jection of hyaluronidase is partially re- 

* Pike has presented further data on hyalur- 
onidase production. (Pike, R. M., 1948, J. Infect. 
Dis. 83: 1-22.) 

9. Crowley, N. 1944, Hyaluronidase production 

by hemolytic streptococci of human origin. 

J. Path. & Bact. 56: 27-35. 

10. Meyer, K. 1947, The biological significance 
of hyaluronic acid and hyaluronidase. Physiol. 
Rev. 27: 335-359. 

11. Hechter, O. 1948, Reconstitution of the der- 
mal barrier to fluid diffusion following ad- 


ministration of hyaluronidase. Proc. Soc. 
Exper. Biol. & Med. 67: 343. 
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stored at 24 hours and completely re- 
stored at 48 hours. 


MATERIALS AND METHODS 


Strains of streptococci.—The 69 strains of strep- 
tococci representing Lancefield groups A through 
K used in this study were distributed as follows: 
28 of group A; 9 of group B; 10 of group C; 8 of 
group D; 1 each of groups E, F, G, H and K, and 
9 of ungrouped strains. 

Substrate.—Hyaluronic acid was prepared ac- 
cording to the method of Haas” from human um- 
bilical cords. 

Standard testicular hyaluronidase.—Testicular 
hyaluronidase was prepared according to the 
method of Claude and Duran-Reynols" and was 
used as a control in all tests. 

Streptococcal hyaluronidase—The streptococ- 
cus strains were cultured in trypivse phosphate 
10% horse serum broth for 24 hours at 37 C. 
Sterile filtrates of these cultures were prepared 
using Seitz and sintered glass filters. In a few 
experiments whole cultures and supernatants 
were tested for activity. 

The cultures were tested for activity using the 
viscometric technique as the reference method. 
The mucin turbidity prevention method was used 
as a confirmatory method. 

Technic of the viscometric screen test.—This 
technique was designed as a qualitative screen 
test to detect positive cultures. Those strains 
which produced enzyme were tested further by 
a quantitative method described below. 

All viscosity measurements were made using 
an Ostwald viscometer which was kept at a con- 
stant temperature of 37.1 C in a carefully con- 
trolled water bath. Four ml of hyaluronic acid 
solution, mixed with 1 ml of M/6 citrate buffer 
solution, was heated to 37.1 C in the water bath. 
To it was added one ml of the enzyme solution 
also heated to 37.1 C. The mixture was incubated 
in the water bath for one hour. Ten minutes be- 
fore the measurements were to be made the mix- 
ture was pipetted into the viscometer heated to 
32 CS. 

A solution of hyaluronic acid of suitable vis- 
cosity was prepared containing 4 mg per ml in 
distilled water. This amount varied slightly with 
different hyaluronic acid preparations. The stock 


12. Haas, E. 1946, On the mechanism of invasion 
I. Anti-invasin I, an enzyme in plasma. J. 
Biol. Chem. 163: 63-88. 

13. Claude, A. and Duran-Reynals, F. 1937, 
Chemical properties of the purified spreading 
factor from testicle. J. Exper. Med. 65: 661- 
670. 


solution was stored at 4 C and controls were run 
each day. 

A determination of the accuracy of the visco- 
metric method was made as follows: On one 
batch of material, 11 viscometric determinations 
were made. Each determination represented the 
average of three flow times on that mixture. The 
maximum deviation was found to be 4.17 %, the 
minimum deviation, 0.15%, and the mean devia- 
tion 1.34%. Chain and Duthie" gave the accur- 
acy of the method as +10%, which represents 
considerable less accuracy than is indicated by 
the above determinations. However, in inter- 
preting the qualitative tests no sample was con- 
sidered positive which did not give a viscosity 
drop of 10% in one hour. 

Tecknique of the quantitative viscometric test.— 
The procedure recommended by Swyer and 
Emmens® was used. Viscosity was determined 
exactly 20 minutes after mixing the enzyme so- 
lution with the buffered substrate (using Mc- 
Ilvane’s buffer). Relative viscosity was calcu- 
lated as a flow time index according to the fol- 
lowing formula: 

f,—f. 

v= — 1000 

F,-F, 
where f,=flow time of buffered substrate, f, 
= flow time of the solvents without hyaluronate, 
{,=flow time of enzyme substrate mixture after 
20 minutes incubation, and v=flow time index. 
A standard curve was prepared using the tes- 
ticular hyaluronidase (25 mg/ml). It was found, 
as Swyer and Emmens"® showed, that over the 
range v =300 to 850, the flow time index is pro- 
portional to the logarithm of the enzyme concen- 
tration. The enzyme concentration of the bac- 
terial filtrates was determined by interpolation 
from the standard curve. Each filtrate was tested 
using at least two dilutions, and triplicate deter- 
minations were run on each dilution. 


RESULTS 


In making the qualitative tests for 
hyaluronidase, it soon became apparent 
that the amount of enzyme present in 
the culture filtrate of a given strepto- 
coccus varies since a strain may be posi- 
tive in one test and negative in another. 


14. Chain, E. and Duthie, E. S. 1940, Identity of 
hyaluronidase and spreading factor. Brit. 
J. Exper. Path. 21: 324-338. 

15. Swyer, G. I. M. and Emmens, C. W. 1947, 

A modified method for the viscometric assay 

of hyaluronidase. Biochem. J. 41: 29--34. 
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Because Seitz filtrates were used to test 
for enzymatic activity, the efficiency of 
these filters was compared with sintered 
glass filters. The results of one such 
experiment are given in table 1. In this 
experiment a large flask of broth was 
inoculated with streptococcus 1078 and 
incubated at 37 C. At 15}, 21, and 41 
hours, 100 ml samples were removed and 
each sample was divided into 10 ml 
portions and filtered through the various 


TABLE 1.—Comparative hyaluronidase activity of 
filtrates with Seitz and sintered glass filters. 





Reduction in viscosity of filtrates of 
streptococcus 1078 after: 


15$ hours 


Type of 
filter 





21 hours 41 hours 





Seitz 
Seitz 
Seitz 
Seitz 
Seitz 
Seitz 
Seitz 
Seitz 
Sintered glass 
Sintered glass 


“HLL ittit 
+++ H+ 
itd b+ 


+ 
+ 
re 
++ 
++ 
i 
++ 


+ 
+ 
+ 
+ 





+, + and ++++ represent less than 10%, slow, and 
rapid and complete, respectively. 


TABLE 2.—Hyaluronidase activity. 








15 hr. 
whole super- 
broth natant 
Some + - - 
Some — 


Previous 
sintered 
filtrates 


15 hr. 





Some + 
Some — + + 





filters as given in the table. Each filtrate 
was then tested for activity. 

An inspection of the data given in 
table 1 indicates that hyaluronidase is 
not filtered through Seitz filters as effec- 
tively as through sintered glass. Sintered 
glass filtrates were therefore used subse- 
quently in testing hyaluronidase ac- 
tivity. Since hyaluronidase was found 
in some cultures and not in others of 
the same strain, its presence was ascer- 
tained in whole broth cultures and the 
supernatants after high-speed centrifu- 
gation of two strains. Cultural condi- 
tions in the mediums were carefully 
controlled. The results of these tests 


are summarized in table 2 and show that 
hyaluronidase production in a given 


TABLE 3.—Comparison of hyaluronidase produc- 
tion and the ability to spread within the C-A 
membrane of the embryonic chick. 








Viscosity reduction test Bacteria 
spreading 
Number of tests within 
(+) —) mesoderm 
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strain varies even under carefully con- 
trolled conditions of culture. An experi- 
ment comparing hyaluronidase activity 
in cultures made under 10% CO, and in 
air showed no significant difference in 
activity. 

Hyaluronidase determinations by the 
viscometric technique are summarized 
in table 3 and compare well with the 
determinations by the mucin-turbidity 
prevention test. These data serve to em- 
phasize the variability of hyaluronidase 
activity of a given strain. An inspection 
of the data from 32 of the strains listed 
in table 3 shows no correlation between 
ability to produce hyaluronidase and the 
capacity to spread within the C-A mem- 
brane of the 13 day embryonic chick. 
Strains 1063 and 1082 produced hyalu- 
ronidase but, as previously shown by 
Sherwood, Wahl, Colglazier, Hamilton, 
and Jay,' were unable to spread within 
the mesoderm, while strains 1008, 1017, 
1031, 1093, and 1094 did not produce 
hyaluronidase but were able to spread 
within the mesoderm. In regard to viru- 
lence, Sherwood et al. found that strains 
1040 and 1090, which produce no 
hyaluronidase, were highly virulent for 
the 13 day embryonic chick, while 
strains 1063 and 1082, which definitely 
produce hyaluronidase, were either avir- 
ulent or only slightly virulent for the 
same host. 

Table 4 shows the number of hyalu- 
ronidase-producing strains in each of the 
Lancefield groups. The results of quanti- 
tative determinations of hyaluronidase 
is given in table 5. 


DIS “*'SSION 


Variability of hyaluronidase produc- 
tion by hemolytic streptococci has been 
vaguely indicated in the literature 
(Meyer).'!° The data presented here 
show that it may be partially accounted 
for by the method of filtration used, but 
filtration does not account for all of the 


TABLE 4.—Positive hyaluronidase-producing 
strains in relation to Lancefield grouping. 





No. 
strains 
tested 


28 
Group B 9 
Group C 10 
Group D 8 
Group E-K 
Ungrouped 


Number 
+) 


Per cent 





variability since some differences were 
observed using whole broth cultures. It 
may be assumed that the amount of 
enzyme produced in a given culture 
varies or that some inactivation of the 
enzyme occurs during growth. Rogers® 
has shown that hyaluronic acid in the 
medium will increase hyaluronidase pro- 
duction. Since some strains of strepto- 
cocci are known to produce hyaluronic 
acid, it might be postulated that the 
formation of hyaluronic acid by a strain 
early in its growth might stimulate 
hyaluronidase production. This would 
be supported by the work of Pike and 
Salem.'* Data on this subject will be 
presented in subsequent studies. 
Results of the hyaluronidase determi- 
nations are summarized according to the 
Lancefield group in table 4. Of the 69 
strains of streptococci tested, only 8, or 
11.6%, produced detectable hyaluroni- 
dase. Seven per cent of the group A 


TABLE 5.—Quantitative hyaluronidase 
determinations in Lancefield 
groups A, B and C. 





Mg hyaluronidase 
per ral broth 
culture 


A 0.066 
0.192 


B 0.360 
0.033 
0.068 
0.520 


Cc approx. 0.007 
below 0.007 


Group 











16. Pike, R. M. and Salem, N. 1947, The de- 
struction of hyaluronic acid by capsulated 
group A streptococci. J. Bact. 54: 282. 
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strains produced hyaluronidase. Crow- 
ley® has reported the most complete 
study of group A strains, and in his 
series 21% were found to produce 
hyaluronidase by the mucin clot preven- 
tion technique. These strains belonged 
to Griffith types 4 and 22. In our series 
one type 22 strain was tested which did 
not produce hyaluronidase. Of the group 
B strains, 44.5% produced hyaluroni- 
dase. All of these positive strains were 
isolated from human infections. Mc- 
Clean‘ reported that 4 group B strains 
from mastitis cases all produced hyalu- 
ronidase. No other reports on group B 
strains have been encountered. Only 
33% of the group C strains formed 
hyaluronidase, although group C strep- 
tococci have been considered as good 
hyaluronidase producers. No hyaluroni- 
dase was detected in cultures of strains 
of Lancefield groups D through K. 

The quantitative determinations 
given in table 5 are expressed in mg of 
hyaluronidase per ml of broth culture. 
The amount of enzyme formed could 
not be correlated with any particular 
Lancefield group. Similarly, as men- 
tioned earlier, hyaluronidase produc- 
tion could not be correlated with its 
ability to spread within the C-A mem- 
brane of the 13 day embryonic chick nor 
virulence for the latter. In a later paper, 
the relationship to virulence for mice 
will be discussed. 

It is conceivable that hyaluronic acid 
may function as a preexisting physio- 
logic barrier in mesodermal tissue of 
the C-A membrane of the embryonic 
chick since, according to Leonard," ‘‘It 
is obvious that embryonal mesenchyme, 
regardless of its later developmental 
differentiation, possesses chemical char- 
acteristics in common with fibrous 
connective tissue, since mesenchymal 
tissue reacts positively to stains other- 
wise specific for adult connective tissue.”’ 


17. Leonard, A. B. Personal communication. 


The fact that strains of streptococci 
1063 and 1082, both good hyaluronidase 
producers in vitro were unable to spread 
within the mesoderm, might indicate 
that hyaluronidase is either inhibited or 
not produced in the mesoderm. The fact 
that 5 strains which did not produce 
hyaluronidase in vitro were able to 
spread within the mesoderm suggests 
that they either produce hyaluronidase 
in vivo but not in vitro or that some 
physiologic barrier other than hyaluronic 
acid may be present in the mesoderm of 
the C-A membrane of the embryonic 
chick. The latter possibility seems more 
probable since 4 of these strains be- 
longed to Lancefield group D, whose 
members have never been shown to 
produce hyaluronidase. Fleming* and 
Humphrey'*'® review the literature 
concerning spreading factors other than 
hyaluronidase, and Humphrey’ dis- 
cusses the action of hyaluronidase 
preparations from various sources upon 
some substrates other than hyaluronic 
acid. According to the latter possibility, 
streptococcus 1076, which produces hya- 
luronidase and also spreads within the 
mesoderm, possesses either two different 
enzymes or else the hyaluronidase it 
produces acts upon a physiologic barrier 
other than hyaluronic acid in_ the © 
mesoderm. 


SUMMARY AND CONCLUSIONS 


1. Hyaluronidase production by 69 
strains of hemolytic streptococci rep- 
resenting 9 Lancefield groups is_re- 
ported. 
18. Humphrey, J. H. 1946, Studies on diffusing 

factors I: The kinetics of the action of hyal- 
uronidase from various sources upon hyal- 
uronic acid, with a note on the anomalies en- 
countered in the estimation of N-acetyl glu- 
cosamine, Biochem. J. 40: 435-441. 

. Humphrey, J. H. 1946, Studies on diffusing 
factors II: The action of hyaluronidase prep- 
arations from various sources upon some 
substrates other than hyaluronic acid. Bio- 
chem. J. 40: 442-445. 
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2. Eight strains or 11.6% belonging to 
groups A, B and C produced hyaluroni- 
dase as follows: 7% of sroup A, 44.5% of 
group B, and 20% of group C. 

3. Quantitative 
hyaluronidase are reported in mg _ per 


determinations of 


ml. No correlation between the amount 
of hyaluronidase and any Lancefield 
group was observed. 

4. Streptococcal hyaluronidase passes 
through sintered glass filters quite read- 
ily but is partially or completely held 
back or removed by Seitz filters. 

5. Hyaluronidase activity of a given 
strain varies under apparently identical 
culture conditions. 


6. No correlation was observed be- 
tween hyaluronidase production in vitro 
and the virulence for or capacity to 
spread in the chorio-allantoic membrane 
of the embryonic chick of 32 strains of 
streptoccocci. 

7. A physiological barrier other than 
hyaluronic acid as well as hyaluronic 
acid may be present in the mesoderm of 
the C-A membrane of the embryonic 
chick non-hyaluronidase- 
producing strains of streptococci (4 of 
them group D) were able to spread 
within the mesoderm, while two hya- 
luronidase-producing strains were un- 
able to accomplish the feat. 


since 5 
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In 1947 Murray! reported an ingeni- 
ous method for the detection of hyal- 
uronidase which consisted of seeding a 
papain blood agar plate with a mucoid- 
producing streptococcus and streaking 
the organisms suspected of producing 
hyaluronidase across the plate. If hyal- 
uronidase was produced during incuba- 
tion, a zone of flattened colonies along 


Fic. 1. 


mucoid streptococcus. On the left there is a zone 


Photograph of a plate seeded with a 


of inhibition along both sides of the growth of a 
streptococcus producing an inhibitory substance. 
On the right is shown a zone of flattened colonies 
along both sides of the growth of a streptococcus 
producing hyaluronidase but not the inhibitory 
factor. (Photograph supplied by Dr. G. E. Mur- 
University of Western Ontario, London, 
Canada, who confirmed our results.) 


ray, 


both sides of the streak of growth of the 


hyaluronidase-producing organisms was 


Aided by grants from the Office of Naval Re- 
search (project N6 ori-164 N. T. O. VII), the 
Kansas Industrial Development Commission, 
and the Graduate Research Committee of the 
University of Kansas. 

1. Murray, R. G. E. 1947, The use of mucoid 
Streptococcus pyogenes for the detection and 
assay of hyaluronidase. Canad. J. Pub. Health. 
38: 91. 


observable. At Murray's suggestion, a 
comparison of the efficiency of the plate 
method with the viscometric and mucin 
clot prevention methods respectively 
was undertaken. A good mucoid strep- 
tococcus, M9, was obtained from Mur- 
ray. It belonged to Lancefield group A. 

In the first plating experiments, em- 
ploying the Murray technique, papain 
blood agar plates were seeded with M9 
and cross-streaked with both hyaluron- 
idase- and non-hyaluronidase producing 
streptococci. The results of the streak 
method employed by Murray are il- 
lustrated in figure 1. After incubation 
two phenomena were observed. One was 
that described by Murray, and a second 
was characterized by zones of complete 
inhibition of growth adjacent to the 
streaks of growth of some but not all 
hyaluronidase- and non-hyaluronidase- 
producing streptococci. 

In order to conserve medium and to 
compare more streptococcal growths on 
a single plate, it was decided to inocu- 
late 6 or 7 small, well separated, cir- 
cular areas on a plate seeded with M9 
with different streptococci being tested. 
Zones comparable to those obtained by 
streaking were readily obtained. Com- 
plete correlation between the Murray 
plate method and the viscometric and 
mucin clot prevention methods was ob- 
tained from all strains other than those 
producing the inhibitory effect. 

It was at once apparent that the pro- 
duction of inhibitory factors by bacteria 
would limit to some extent the use of 
the Murray plate method in the de- 
tection of hyaluronidase. It seemed 
desirable to make a study of the an- 
tibiotic-like produced by 
the 8 hemolytic streptococci to as- 


substances 
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certain if possible whether they were 
identical with inhibitory substances 
reported by Oxford,? Mattick and 
Hirsch, Mirsky and Foley,‘ and 
Thompson and Johnson.’ Oxford found 
that certain strains of Str. lacticus pro- 
duced an antibiotic which he named 
“diplococcin,”” while Mattick and 
Hirsch reported a different antibiotic 
produced by other strains of Str. lacti- 
cus. Thompson reported that 71 strains 
of salivary streptococci exerted an in- 
hibitory action upon Corynebacterium 
diphtheriae. They found the antibiotic 
effect was due to hydrogen peroxide 
produced by the streptococci. Mirsky 
and Foley‘ offer experimental evidence 
indicating that trypsin inhibitors may 
function as antibiotics. 

The present paper contains the ex- 
perimental results attempting to answer 
the following questions: (1) How many 
of the 61 strains of 8 hemolytic strepto- 
cocci produce inhibitory substances 
active against other members of the 
series? (2) Can the inhibitory substances 
be obtained cell free? (3) Are the in- 
hibitory substances produced in vivo? 
(4) How do the inhibitory substances 
compare with ‘‘diplococcin’ and 
“nisin’’? (5) Are the inhibitory sub- 
stances either hydrogen peroxide or 
trypsin inhibitors? (6) What is the ef- 
fect of heat upon inhibitory substances? 
(7) What is the effect of anaerobic con- 
2. Oxford, E. A. 1944, Diplococcin, an anti- 

bacterial protein elaborated by certain milk 

streptococci. J. Biochem 38: 178-182. 

. Mattick, A. T. R., and Hirsch, A. 1947, Fur- 
ther observations on an inhibitory substance 
(Nisin) from lactic streptococci. Lancet. 2: 
5-8. 

. Mirsky, I. A., and Foley, G. 1945, Antibiotic 
action of trypsin inhibitors. Proc. Soc. Exper. 
Biol. & Med. 59; 34-35. 

5. Thompson, R., and Johnson, A. 1947, The 
inhibitory action of saliva in the diphtheria 
bacillus: Hydrogen peroxide, the antibiotic 
agent of salivary streptococci. J. Bact. 54: 
53. 


ditions upon the production of the in- 
hibitory substances? (8) Will human 
serum neutralize the inhibitory sub- 
stance? (9) Was generation time an im- 
portant factor? 


MATERIALS AND METHODS 


The plate media used consisted of tryptose 
agar, tryptose horse serum agar, papain sheep 
blood agar, and 12% gelatin in tryptose broth. 
The liquid media consisted of tryptose broth, 
tryptose horse serum broth, tryptose phosphate 
broth, and tryptose serum broth made up with 
the washings from agar and flasks containing 
tryptose serum broth with a layer of plain agar 
covering the bottom of the flask. 

For each in vivo study, 100 white mice were 
used: 50 of these were injected with a uniform 
dose (0.5 cc) of a 24-hour tryptose serum broth 
culture of a streptococcus known to produce an 
inhibitory substance in vitro, and the remaining 
50 were injected with corresponding doses of a 
streptococcus that did not produce inhibitory 
substances in vitro. Additional controls were em- 
ployed in which sterile tryptose serum broth 
was injected. The animals were sacrificed, the 
abdominal cavities washed out with sterile sa- 
line, and the washings from each group of mice 
pooled, filtered through sintered glass filters, 
and tested for the presence of inhibitory sub- 
stances by the filter paper disc method such as 
that used in assaying penicillin. 

The series of 61 8 hemolytic streptococci in- 
vestigated consisted of 29 of group A, 9 of group 
B, 10 of group C, 8 of group D, and representa- 
tive strains of Lancefield’s groups E, F, G, H, 
and K. Inhibitory factors against one or more of 
the other members of the series were produced by 
17 of the hemolytic streptococci. Five of the 17 
belonged to group A, 1 to group B, 1 to group C, 
5 to group D, and each of the strains of groups 
E, F, G, H and K. The inhibitory factors were 
produced in tryptose phosphate agar, serum agar, 
papain blood agar, and on gelatin plates. On plate 
media they were produced under both aerobic and 
anaerobic conditions. 


RESULTS 
While the inhibitory substance was 
not present in filtrates of tryptose broth 
cultures, it was present in the filtrates 
of tryptose broth cultures and serum 
broth cultures either in contact with 
agar or made up with washings from 
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agar. It was also present in the filtrates 
of peritoneal washings of mice infected 
with streptococci known to produce the 
substance in vitro but was not present 
in the peritoneal washings of mice in- 
fected with streptococci which do not 
produce the inhibitory substance in 
vitro. 

The following facts indicate that the 
inhibitory substance is not hydrogen 
peroxide: (1) Inhibitory substances 
were produced on media rich in catalase. 
(2) They were active against strepto- 
cocci that contain catalase. (3) They 
were produced under anaerobic con- 
ditions and resisted heating in the 
Arnold sterilizer for 15 minutes. 

Chemical tests to detect hydrogen 
peroxide accumulation in cultures gave 
negative results. The test was capable 
of detecting 0.003 mg per ml of hydro- 
gen peroxide. Attempts to extract the 
inhibitory substances from whole bac- 
terial cells or sonic disintegrated cells by 
treatment with heat and acetic acid or 
by saline extractions gave negative re- 
sults. This is of interest since only by 
treatment with heat and acetic acid 
could ‘‘diplococcin’”’ described by Ox- 
ford? be obtained. Furthermore, ‘‘dip- 
lococcin”’ was active against Staphylo- 
coccus aureus whereas none of the in- 
hibitory substances reported in this 
paper inhibited strains of Staph. aureus 
209, Staph. H, or a stock strain of 
Staph. aureus. It is of some interest in 
this connection to note that none of the 
17 8 hemolytic streptococci that pro- 
duced inhibitory substances for certain 
other streptococci were able to ikhibit 
representative strains of Escherichia 
coli, Eberthella typhosa, or Bactllus an- 
thracis. Only one of them, a Lancefield 
group H, inhibited one strain of C. 
diphtheriae. Furthermore, only one 
streptococcus that produced inhibitory 
substances for certain other streptococci 
was inhibited by substances produced 
by other inhibiting strains. 


Mattick and Hirsch? regard ‘‘nisin,”’ 
the antiobiotic they discovered, as being 
different from ‘‘diplococcin” because it 
was present in the cell-free medium in 
which streptococcus lacticus was grown. 
“Nisin” differs from the inhibitory sub- 
stances produced by the 8 hemolytic 
streptococci in that ‘“‘nisin’’ did not dif- 
fuse through agar. Mattick and Hirsch 
say that for this reason the agar plate 
method assay could not be employed. 

While one cannot say with certainty 
that the inhibitory substances being re- 
ported here are trypsin inhibitors, the 
fact that none of the streptococci that 
produce the inhibitory factors produce 
fibrinolysin for either human or mouse 
fibrin would seem to favor such a 
theory. On the other hand, the fact that 
these inhibitory substances did not in- 
hibit Esch. coli, Eb. typhosa, or Staph. 
aureus suggests that some other mecha- 
nism is involved, since Mirskyand Foley‘ 
report that the ‘‘trypsin-inhibitor’’ con- 
taining 50% MgSQ,, which inhibited 
hemolytic streptococci, also inhibited 
Esch. coli and’ Staph. aureus. They also 
found that “‘antitrypsin’’ preparations 
from soybeans did not inhibit the strep- 
tococci., Mirsky and Hirsch assume that 
lack of purity of the soybean ‘‘antitryp- 
sin” was responsible for the inactivity 
of the preparations. This conclusion 
needs proof since they found that crude 
pancreatic extracts were active. 

It is suggested that the inhibitory 
substance or group of substances pro- 
duced by 8 hemolytic and active against 
other 8 streptococci be called ‘‘strepto- 
stasin.’’ In order to ascertain whether 
there is present in normal serum an 
anti-streptostasin factor, two series of 
experiments were undertaken. In the 
first series, serums were freshly prepared 
from 8 people, of which several had just 
recovered from upper respiratory in- 
fections, several had been unusually 
susceptible to such infections through- 
out the winter, and several had been un- 
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usually resistant with a history of very 
few infections through the past year. 
Each of the 8 serums in a concentration 
of 5% in tryptose agar was tested with 
5 streptostasin-susceptible strains (1068, 
1063, 1081, 1013, and 1104) and with 7 
inhibitory strains (1021, 1026, 1031, 


1093, 1014, 1096, and 1027). In no case 
was there clear-cut evidence that the 
human serums altered the production of 
the usual inhibitory agent. 


In a second series, 10 human serums, 
freshly drawn, in a concentration of 
10% in tryptose agar were tested with 
7 inhibitory strains (1021, 1026, 1093, 
1031, 1014, 1096, and 1027) and two 
sensitive strains (1068 and 1013). Again 
inhibition was found to be quantita- 
tively and qualitatively the same as re- 
corded in routine horse ‘serum tryptose 
agar for the same combinations. Ten 
per cent fresh rabbit serum gave the 
same negative results. 

The generation time of the inhibited 
strains and of the strains which in- 
hibited was then studied. It was con- 
ceivable that the strains being inhibited 
might have a long generation time, 
while the strains that produced the in- 
hibitory effect might have a rapid rate 
of reproduction. In experiments de- 
signed to answer this question the opti- 
cal density method was used as a basis 
for calculating apparent generation 
time. The results showed that the ap- 
parent generation time of two of the in- 
hibiting strains were 38 and 42 minutes 
respectively, while the generation time 
of 7 strains that were inhibited by these 
same strains varied from 33} minutes to 
82 minutes. The majority of the latter 
had approximately the same generation 
time as the inhibiting strains. Thus 
generation time apparently does not 
play a role in the phenomenon of in- 
hibition by “streptostasin.” 

Experimental studies are in progress 
to determine if possible the nature of 
“‘streptostasin”’ and its mode of action. 


SUMMARY AND CONCLUSIONS 

1. Seventeen $B hemolytic strepto- 
cocci out of a series of 61 produced anti- 
biotic substances (or substance) that are 
apparently different from “‘diplococcin” 
or “nisin.” 

2. The new antibiotic substances 
were produced by cultures on tryptose 
agar, tryptose serum agar, or on 12% 
gelatin plates. They were produced in 
tryptose broth or tryptose serum broth 
only when the broth was either in contact 
with agar or made up with agar washings. 

An antibiotic substance was present 
in the peritoneal washings of mice inoc- 
ulated with a streptococcus known to 
produce it in vitro but was not present 
in peritoneal washings of mice inocu- 
lated with a streptococcus that failed to 
produce it in vitro. 

4. The antibiotic effect can hardly be 
due to hydrogen peroxide since it was 
produced in media rich in catalase and 
active against streptococci containing 
catalase. Chemical tests also failed to 
show an accumulation of hydrogen per- 
oxide in cultures producing the anti- 
biotic. 

5. The possibility that the antibiotic 
effect may be due to trypsin inhibitors 
is discussed. The evidence is, however, 
insufficient to draw a final conclusion. 

6. It is suggested that the name 
“streptostasin” be given to the new 
antibiotic substance or substances pro- 
duced by 8 hemolytic streptococci and 
active against other 8 streptococci. 

7. No evidence of a 
factor for ‘ 


neutralizing 
streptostasin” could be de- 
tected in 18 normal human serums. 

8. Norelation was found between ap- 
parent generation time and ability to 
produce ‘‘streptostasin.” 

9. The Murray plate method was 
found to be excellent for detecting hy- 
aluronidase by any bacteria except for 
those organisms such as the strepto- 
cocci that produced large amounts of 
“streptostasin.”’ 
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In previous papers in this series'~* a 
method has been described for the in 
vivo production of a protective antigen 
against infection with Bacillus anthracis. 
This preparation, however, is not ideal 
as an immunizing agent when used to 
immunize other than homologous spe- 
cies because it contains large amounts 
of sensitizing proteins. Recently Glad- 
stone‘ has prepared a protective antigen 
in vitro which has similar properties to 
the antigen isolated from crude extracts 
of edematous lesions.2, He employed 
whole serum as the substrate, and as a 
result, like the in vivo preparation, it 
contains large quantities of serum pro- 
teins. His method has an advantage 
over the in vivo technique in that it is 
possible to use homologous serum, thus 
avoiding untoward reactions. Of equal 
importance, this finding makes possible 
the eventual isolation and characteriza- 
tion of the factors essential for antigen 
production by the organism. In this 
event, it should be possible to produce 
the antigen in a medium free of serum 
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proteins and thus avoid the difficulties 
so far encountered in the isolation of the 
antigen from these 
stances.** 

The present study describes the frac- 
tionation of serum and the utilization of 
the components as substrates for anti- 
gen production. It is shown that electro- 
phoretically pure albumin serves as the 
essential substrate. In addition, results 
obtained after various treatments of the 
albumin suggest that the active factor 
it not the native albumin, but rather 
some stable component associated with 
this protein. 


interfering sub- 


MATERIALS AND METHODS 


In vitro production of the antigen.—The pro- 
cedure employed to produce the antigen in vitro 
differs only slightly from that described by Glad- 
stone.‘ The substrate was adjusted to px 6.7—7.3 
with carbon dioxide and sterilized by Seitz filtra- 
tion. The preparation consisted of 30 ml of the 
substrate in an 8 ounce ‘‘medicine flat’”’ inocu- 
lated with 21,000 spores of CD strain #2.' The 
bottles were laid flat and allowed to incubate 16- 
17 hours at 37 C without shaking. The prepara- 
tions were then cooled to 5 C, centrifuged and 
sterilized by Seitz filtration. 

Testing of the protective antigen.—Rabbits were 
used to test for the presence of protective antigen 
by giving three intracutaneous injections at 
weekly intervals, and challenging one week after 
the last immunizing dose. The challenge consisted 
of 1 ml of nutrient broth containing 1200 spores 
of the CD strain 25, representing 1000 lethal 
doses. The preparation of this stock spore lot is 
described by Watson et al. ina preceding paper.? 

Fractionation of sheep plasma.—The sheep 
plasma was fractionated according to methods 5 
and 6 described by Cohn et al,§ and the various 


5. Cohn, E. J., Strong, L. E., Hughes, W. L. Jr., 
Mulford, D. J., Ashworth, J. N., Melin, M. 
and Taylor, H. L. 1946, J. Am. Chem. Soc, 
68: 459-475. 
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fractions were used to prepare the vaccines. To 
avoid confusion, the nomenclature of the frac- 
tions is the same as that used by Cohn. Fraction 
I contains practically all of the fibrinogen and 
fraction II+III consists predominately of 8 and 
y globulins. By method 6, the @ globulin is pre- 
cipitated largely in fraction IV-1, whereas frac- 
tion IV-4 contains both @ and 8 globulins and 
and some albumin. In method 5 all of fraction IV 
is precipitated at once. By either method, most 
of the albumin is precipitated in Fraction V, 
usually with less than 5% impurities. Fraction VI 
is also largely albumin but less than 2% of the 
total serum proteins are in this fraction. 

All of the precipitates were removed by centrif- 
ugation, dissolved in water or buffer, dialyzed 
against distilled water, and lyophilized. Dialysis 
was affected by suspending the dialysis mem- 
brane, containing the material, from a small elec- 
tric stirrer and rotating it gently in a cylinder of 
distilled water. This results in a more rapid and 
complete dialysis than can be achieved by static 
methods. 

Testing of the serum fractions.—To supply all 
of the necessary dialyzable components of serum, 
the lyophilized serum protein fractions were re- 
constituted to 3% concentration with ox or sheep 
serum ultrafiltrate.* Because the nature of the 
dialyzable components was not considered im- 
portant for the production of a pure antigen, no 
extensive attempts were made to simplify the 
dialyzable portion of the substrate. Ordinary 
saline or saline-bicarbonate solutions were not 
satisfactory. 

Electrophoretic analysis.t—The Tiselius* ap- 
paratus was employed to determine the composi- 
tion of the various serum fractions isolated. De- 
tails of the method are given in a previous paper.’ 

RESULTS 

We have confirmed Gladstone’s ob- 
servations that there are at least two 
substances present in serum necessary 

* The ox serum ultrafiltrate was obtained 
from Schering and Glatz Inc., Sterisol Division, 
113 W. 18th St., New York, N. Y. This contained 
0.001% phenol red. The sheep serum ultrafiltrate 
was prepared by the ultrafiltration of normal 
sheep serum through 10% nitrocellulose mem- 
branes, such as those described by Seibert.’ 

t We are indebted to Mr. John Convey for the 
electrophoretic data. 

6. Tiselius, A. 1937, Tr. Far. Soc. 33: 524-531. 


7. Seibert, F. B. 1935, Am. Rev. Tuberc. 30: 
713-720. 


for antigen production. However, we 
were not able to substitute broth- 
bicarbonate or saline-bicarbonate solu- 
tions for the dialyzable factor as he 
stated; this factor was found to be pres- 
ent in sheep or ox serum ultrafiltrate as 


TABLE 1.—The effect of varying the dialyzable 
components on antigen production. 





Preparation 


Protection* 





3% dialyzed serum in ox serum ultrafiltrate 9/9 
3% dialyzed serum in sheep serum ultra- 

filtrate 14/16 
3% dialyzed serum in saline containing 0.2 

Na 3 0/6 
6% dialyzed serum in saline containing 0.2 

NaHCO, 0/12 
3% dialyzed serum in saline without bicar- 

bonate 0/5 
3% dialyzed serum in nutrient broth with 

0.5% NaHCO, 
3% serum fraction V in ox serum ultrafiltrate 
3% serum fraction V in Brewer's mediumt 
Controls 


* The numerator denotes the number of survivors and the 
denominator the number of rabbits tested. 

+ This is a semi-synthetic media containing casein digest, 
yeast, glucose, thiamine and inorganic salts.* 


TABLE 2.— The effect of high pu on antigen pro- 
duction and a comparison of HCl and CO, as 
neutralizing agents. 





Neutral- Pro- 





3% Serum fraction V in 
ultrafiltrate 7.4 4/S 

3% Serum fraction V in 
ultrafiltrate 8.5 

3% Serum fraction V in 
ultrafiltrate 7.2 
Controls 


none 0/10 
co; 9/9 
0/10 





* The numerator denotes the number of survivors and the 
denominator the number of rabbits tested. 


is shown in table 1. One lot of ox serum 
ultrafiltrate had been autoclaved in a 
sealed ampule and stored at room tem- 
perature for several years without de- 
stroying the necessary dialyzable com- 
ponents. 

In the preparation of the ultrafil- 
trate, varying amounts of carbon di- 
oxide are lost, shifting the pu consider- 
ably; and it was found that if the ultra- 


8. Brewer, C. R., McCullough, W. G., Mills, 
R. C., Roessler, W. G., and Herbst, E. J. 
1946, Arch. Biochem. 10: 77-80. 
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filtrate were not neutralized, the anti- 
gen production would be irregular. As 
indicated in table 2, protective antigen 
can be obtained using ultrafiltrate 


TABLE 3.—A comparison of the effectiveness of 
various serum protein fractions as a substrate for 
production of the protective antigen. 








Protein Fraction Protection* 





I (fibrinogen) 
II+III (8+ globulins) 
IV-4 albumin+a +8 globulins) 
IV-1 (Predominantly a globulin) ' 
IV (50-60 % albumin, rest a+ globulins) 
Vv (over 90% albumin) 
Controls 0/25 





* The numerator denotes the number of survivors and the 
denominator the number of rabbits tested. 


neutralized with hydrochloric acid. 
Since the possibility existed that carbon 
dioxide is necessary for antigen pro- 
duction, the standard procedure has 
been to use carbon dioxide instead of 
hydrochloric acid for neutralizing the 
ultrafiltrate. 

Table 3 indicates that the non- 
dialyzable component necessary for 
production of a protective antigen is 
precipitated in Fraction V and is not 
present in sufficient concentration in 
fraction II+III to produce the antigen, 
whereas fraction IV contains some of 
the necessary non-dialyzable substance. 
It appears that if the necessary non- 
dialyzable component is not albumin, it 
is either a substance that has similar 
electrochemical properties, or it is ef- 
fective in minute amounts and is ad- 
sorbed or combined with the ablumin. 


TABLE 4.—Stability of the non-dialyzable 
factor necessary for production of the 
protective antigen. 


Treatment of samples NPN_ Total N Pro- 
of serum fraction V* mg/ml mg/ml _tectiont 





0.1 N HCl for $ hour at 20 C 4.5 3/4 
0.1 N HCl for § hovr at 70 C 4.6 11/11 
0.2 N HCl for 1 he: at 100 C 8/8 
fu 4.0 at 37 C for 4 hours 0 4.8 4/4 
0. 


.1% pepsin, pH 4.0 at 37 C for 
4 hours 0.3 4.8 4/4 


Controls 0/8 


* After treatment the solutions were neutralized, lyophil- 
ized, and then taken up in neutral serum ultrafiltrate for the 
antigen production. 

+t The numerator denotes the number of survivors and the 
denominator the number of rabbits tested. 


The electrophoretic diagram of one al- 
bumin preparation, figure 1, indicates 
that it is nearly homogenous with a 
mobility of 8.0X10-> cm*/volt second 
in 0.1 w veronal buffer at py 8.6. Even 
after an additional hour there was no 
evidence of splitting of the main peak. 

Studies reported in table 4 indicate 
that the non-dialyzable factor is rather 
stable; it is neither destroyed by heating 
for 1 hour at 100 Cin 0.2 N hydrochloric 
acid, nor by mild pepsin digestion at 
bu 4.0 for 4 hours at 37 C. After the 
0.2 N acid treatment the albumin was 
no longer coagulable by heat, but tri- 
chloroacetic acid would still precipitate 
all of the nitrogenous substances pres- 
ent. The measurements of non-protein 
nitrogen indicate some hydrolysis by 
the pepsin but most of the protein could 
still be precipitated by trichloroacetic 
acid. 


TABLE 5.—The effect of incubation time on antigen 
content and a comparison of total and 
viable cell count at the time of harvest- 

ing the antigen preparations. 





No. of cells K10® 
per ml 


Viable Total 
12 | 21 
16 25 


54 
38 


24 36 


Hours of 
incubation 
at 37 C 


Protection* 








Control — 





ULitiuudiue. =~ 

The importance of the size of inocu- 
lum and length of incubation as indi- 
cated by Gladstone* have been  con- 
firmed. However, as can be seen from 
table 5, no antigen was demonstrated 
in cultures of B. anthracis on whole 
sheep serum after 24 hours incubation, 
although Gladstone reports some anti- 
gen present after 30 hours incubation. 
This observed difference may arise from 
the strain differences. In these experi- 
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ments strain “C.D. 2’’ was employed, 
whereas Gladstone used the ‘‘Vollum”’ 
strain. The effect of the size of inoculum 
on antigen production is not clear cut, 
but there is evidence to indicate that 
very large inoculums, 10° spores or 
more, should be avoided. For a 30 ml 
culture it was found that 21,000 spores 
of B. anthracis, strains C.D. 2, were 
satisfactory. 

The lability of the antigen to trypsin 


has been shown in a previous paper,’ 


and Gladstone* has demonstrated the 
presence of enzymes in extracts of old 
cultures of B. anthracis that destroy the 
protective antigen. It is possible that 
the antigen is being produced by all cul- 
tures of B. anthracis, but the organisms 
are simultaneously elaborating enzymes 
which are capable of destroying the an- 
tigen. With this in mind it might be 
postulated that the factor in serum 
which is responsible for the production 
of the antigen is an enzyme inhibitor 
which acts to protect the antigen from 
enzymatic degradation. The enzymes 
present in bacterial cultures have not 
been determined. It has been shown, 
however, that the non-dialyzable factor 
which must be present in the culture 
medium for the production of a protec- 
tive antigen is not a trypsin inhibitor. 
DISCUSSION 

In paper III of this series* evidence 
was presented indicating that the anti- 
gen present in crude extracts migrated 
in an electrical field somewhat inter- 
mediately between the B and ¥ globulins, 
but the large amount of globulins pres- 
ent in the in vivo preparation made it 
impossible to detect the antigen directly. 
If the antigen could be produced on a 
medium free of these globulins, it was 
postulated that it might be possible to 
observe the antigen as an electrophoret- 
ic component. In an attempt to demon- 
strate this 


component, a portion of 


electrophoretically pure sheep albumin 
was employed as the substrate for an in 
vitro production of the antigen. After 
testing it in rabbits to ascertain the 
presence of the protective antigen, the 
preparation was analyzed electrophoret- 





qian & 


Fic. 1. 


(sheep serum albumin), concentration 1.1% after 


Electrophoretic pattern of fraction V 


3720 seconds at 4.62 volts per cm in veronal 
buffer, 0.1 w ionic strength at pu 8.6. 


ically. Still only one component was 
visible; no substance with a mobility 
less that that of albumin was present in 
sufficient be detect- 
able. It is quite probable that the pro- 
tective antigen will have to be concen- 
trated chemically before 


concentration to 


it can be de- 
tected by electrophoresis. Since it was 
shown in paper III* that the antigen is 
precipitated with the 6 and y globulins 
(25% ethanol precipitate), it should 
not be too difficult to separate the anti- 
gen from the albumin. In view of the 
more recent work indicating that the 
albumin can be partially hydrolyzed 
without impairing the non-dialyzable 
factor, it may be advisable to prepare 
the antigen on denatured albumin to 
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facilitate its chemical isolation and pu- 
rification. There is suggestive evidence 
that the non-dialyzable substance es- 
sential for production of protective anti- 
gen is not the native albumin in sheep 
serum fraction V, but rather some more 
stable with the 


material associated 


albumin. 


Fic. 2.—Photomicrograph of Bacillus anthracis 
grown in nutrient broth (18 hours incubation). 
Giemsa stain. 1600. 


A theory that has been proposed to 
account 


for antigen production only 
under certain conditions assumes that 


the organism’s metabolism is changed 
by the presence of certain substances in 
that induce the organisms to 
the protective antigen. In 
support of this theory it has been ob- 


serum 
elaborate 


served that the morphology of the or- 
ganisms present at the time of harvest- 
ing the antigen-containing cultures is 
different from that grown on ordinary 


mediums. Figure 2 is a photomicrograph 
of B. anthracis obtained from a nutrient 
broth culture, while figure 3 illustrates 
the typical organisms present in a cul- 
ture of B. anthracis producing the pro- 
tective antigen. It can be seen that or- 
ganisms responsible for antigen pro- 
duction are generally much shorter and 


Fic. 3.—Photomicrograph of Bacillus anthracis 
grown in media supplying all of the necessary 
constituents for antigen production (18 hour 
incubation). This culture actually liberated a 


protective antigen into the solution. Giemsa 


stain. X 1600. 


broader with square corners and irregu- 
larly stained cytoplasm. The organisms 
have the appearance of being dead and 
partially disintegrated or 
but the experiments correlating viabil- 
ity with total cell counts, table 5, in- 


autolyzed, 


dicate that all cells were viable. Stained 
smears have been made of cells from all 
of the in vitro antigen preparations, and 
only those preparations containing the 
characteristic cells at the time of har- 
vesting contained the antigen. Although 
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it may be only coincidental, we believe 
that there is a fundamental difference 
between the normal and antigen-pro- 
ducing cultures, the morphology merely 
reflecting a difference in the metabolism 
of the two types of cells. 

The cause for the observed differences 
between normal cells grown in vitro and 
those producing the protective antigen 
is not clear. If it is a mutation, the com- 
ponents in serum must act either as a 
type of specific induction or as a selec- 
tive agent. Luria’ states that when the 
whole population seems to be affected, 
it is likely that the type has arisen by 
spontaneous mutation and has com- 
pletely displaced the original type be- 
cause of the favorable selection by a spe- 
cial medium rather than specific induc- 
tion by environmental agents. We have 
observed that the entire population ex- 
hibits this morphological change and 
therefore it follows that these changes, 
if a mutation, have been brought about 
by natural mutation in a highly selec- 


9. Luria, S. E. 1947, Bact. Rev. 11: 1-40. 


tive medium. Bacterial genetics may aid 
in solving the problem, but to explain 
the disappearance of the antigen in 
older cultures one must still postulate 
that some destructive enzymes are lib- 
erated; therefore, their 
should not be overlooked. 


importance 


SUMMARY 


An immunizing antigen has been pre- 
pared in vitro employing a simplified 
medium consisting of denatured sheep 
serum albumin and ox serum ultrafil- 
trate. At least twe substances are neces- 
sary for the production of an immuniz- 
ing antigen in vitro; a dialyzable com- 
ponent present in serum ultrafiltrate 
which is stable to heat, and a non- 
dialyzable component with electro- 
chemical properties similar to albumin. 
The non-dialyzable component present 
in the albumin preparation is neither 
destroyed by heating to 100 C in 0.2 N 
hydrochloric acid for 1 hour nor by pep- 
sin at py 4.0 in 4 hours at 37 C. A pos- 
sible mechanism for the production of 
the protective antigen is discussed. 








THE COURSE OF INFECTION OF PLASMODIUM GALLINACEUM 
IN DUCK EMBRYOS 
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Since pre-erythrocytic stages of Plas- 
modium gallinaceum were described in 
chicken wing skins (Huff and Coulston, 
1944), attention has focused on the 
question of host resistance to these 
stages and their relationship to immu- 
nity in erythrocytic stages. Huff and 
Coulston (1946) have shown that adult 
and young ducks are only partially sus- 
ceptible to infection with P. gallt- 
naceum, whether sporozoite- or blood- 
induced. Numerous investigators have 
demonstrated that embryos, particu- 
larly chick embryos, are susceptible to 
disease organisms to which the adu!ts 
are resistant. It appeared, therefore, 
that a study of P. gallinaceum in the 
duck embryo might result in infection 
and lead to at least a partial clarification 
of the mechanism of the resistance of 
the adult to this parasite. 


MATERIALS AND METHODS 


The strain of P. gallinaceum used was that 
designated 8A by the Committee on Terminology 
of Avian Malaria of the American Society of 
Parasitologists. The mosquito host was Aédes 
aegypti. It was reared in this laboratory in a 
manner approximately the same as Shannon and 
Putmann (1934). Twenty-four to 48 hours after 
emerging, mosquitoes were fed on chickens in 
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the acute stage of infection, sampled for infection 
8 days following feeding, and used not later than 
one month after initial infection of the glands. 

The experimental hosts were embryos and 
ducklings of the domestic duck, Anas boshas 
domesticus. Control animals were white leghorn 
chicks and chick embryos. Mosquitoes were dis- 
sected in equal parts of chicken serum and dis- 
tilled water. Glands were ground in a glass mill 
for approximately two minutes, then drawn into 
a 1 cc tuberculin syringe. 

Intra-allantoic inoculations with both sporo- 
zoite and blood stages were unsuccessful. In 
marked contrast, intravenous inoculations (Ei- 
chorn, 1940) were uniformly successful. Mortality 
rates were difficult to interpret, since other factors 
not connected with experimental procedure, such 
as embryo vitality, were present. 

Blood smears were secured by exposing a por- 
tion of the inner shell membrane, pricking a vein 
and touching a slide to the exuding drop of blood. 
Dry smears were stained with MacNeal’s tetra- 
chrome stain. Tissues were fixed in Zenker- 
formol, sectioned by the colloidon method and 
stained with Maximow's hemotoxylin-eosin- 
azure stain. Parasitemias were expressed in terms 
of parasites per 10,000 erythrocytes. Semilogarith- 
mic graphs were used to compare rates of rise of 
the infection and to indicate any minor relapses. 


EXPERIMENTAL RESULTS 
Blood induced infections 


Details of the intravenous injection 
of duck embryos when 14, 20 or 26 days 
old, of ducklings two days old, and for 
contrast, of chick embryos when 12 
days old may be found in table 1. Ex- 
amples of the ensuing infections are 
shown in figures 1 A through E and in 
figure 2A. 

In all the chick embryos (fig. 1D) the 
infections were progressively acute and 
fatal with parasitemias reaching peaks 
of 10,000 to 21,000 per 10,000 red cells. 
There was no indication of a crisis. 

In marked contrast, in the duck em- 
bryos, parasites were often found one 
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day after infection, tended to decrease 
on the second or third day, and then 
increased in a typical acute rise as may 
be seen especially in figures 1A and C 
from 14 and 20 day old embryos. 
Furthermore, the acute rise of the in- 
fection was more pronounced when in- 
itiated in 14 and 20 day old embryos 
than when initiated in 26 day old em- 
bryos and was low grade when initiated 
in two day old ducklings. For example, 
31 of 32 14-day-old embryos (fig. 1A, 
212 and 217) had intense fatal infections 


TABLE 1. 


Ducklings and number 


Age of of embryos 


embryo —_ “ 4 

when ‘ 

: . Inoculated Dying of Hatched 
inoculated infection 


99 


and declines, perhaps best described as 
a saw-toothed course, and terminated 
in a crisis on the 5th day. 


Sporozotte induced infections 


Intravenous inoculations of sporo- 
zoites were made in duck embryos 16, 
20 and 26 days old, in ducklings two 
days old and, for contrast, in 14 day 
chick embryos. The details of inocula- 
tions may be found in table 2. 

In chick embryos, infections re- 
sembled those in the adult chicken ex- 


Intravenous blood-induced infections of P. gallinaceum in duck embryos of various 
ages, in 2 day ducklings and in 12 day chick embryos. 


Parasites 
injected 


Type of initial infection Figure 





14 32 3 0 
20 K 17 


0 4.5 X10" 


26 


2 day 
duckling 


210 X10? 


Chick embryo 
12 


which reached peaks around 10,000. 
The exception (fig. 1A, 214) had a low 
grade infection which terminated in a 
crisis. Similar acute infections were 
characteristic of the 20 day old embryos 
(fig. 1B and 1C). Only one embryo of 
this group, had a well-defined crisis (fig. 
1B, 66). The more intense infections in 
the embryos shown in figure 1C as com- 
pared to those in figure 1B were due to 
the injection of a larger dose of parasites. 
Infections in two day ducklings insti- 
tuted by massive doses of parasites 
showed a decrease on the second day 
similar to that in 14 and 20 day embryos 
(fig. 2A). Infections in this age duckling 
followed a course of alternating peaks 


3 X10' 
3X10" 


5.110" 


6.9 X107 





Acute infection in 31 of 32 
Acute infection in all; crisis in 2 


Initial decrease in 2 of 7; acute in- 
fection in all 


Moderate acute infection termi- 
nated by crisis 


Low grade infection and crisis 
Decrease with irregular saw- 


toothed infection terminated by 
crisis 


Acute infection; no crisis 


cept that non-pigmented forms were 
found more frequently in the blood 
stream. Parasites were in erythrocytes, 
lymphocytes, basophil erythroblasts, 
polychromatophil erythroblasts and het- 
erophils. The liver and spleen were 
heavily infected with exoerythrocytic 
forms. Parasitemias were as high as 
3000 parasites per 10,000 erythrocytes. 

Two distinct types of infection were 
seen in duck embryos of 16 and 20 days. 
In the majority of infections a greater 
proportion of parasites in the peripheral 
blood stream were pigmented and in 
mature erythrocytes. The second type 
was similar to that described by Zucker- 
mann (1946). All cell types were in- 
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Fic. 1.—Infections in chick and duck embryos. A—Fourteen day duck embryos. B—Post-hatched 
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Fic. 2.—Rapid passage of P. gallinaceum through hatched ducklings. A—Controls. B— 


First passage. C—Second passage. D and E—Third passage. F—Fourth passage. For course of 
infection similar to initial infection, see fig. 1B, 152. 


TABLE 2.—Intravenous sporozoite-induced infections of P. gallinaceum in duck embryos 
of various ages, in 2 day ducklings and 14 day chick embryos 








Ducklings and number 


of embryos Re mone Type of initial infectiun 


Age of 
embryos when 
inoculated 





Inoculated Infected Hatched 





14 10 10 0 : Low blood infection. Heavy tissue parasitism. Pig- 
mented forms predominating in blood. Free non- 
pigmented schizonts. 


Pigmented forms predominated in blood. Free non- 
pigmented schizonts. Heavy tissue parasitism. Low 
blood parasitemia. 


Non-pigmented forms predominated in blood stream. 
Extremely heavy tissue parasitism. 


26 None survived long enough for parasites to appear in 
blood. 


2 day Pigmented parasites and in mature erythrocytes. 
duckling 
Chick embryos Similar to that in adult chicken but non-pigmented 
14 parasites more abundant. 





* Died 15 minutes after hatching. 
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fected but pigmented parasites were in 
the minority. The principal cells in 
order of preference were basophil eryth- 
roblasts, polychromatophil erythro- 
blasts, mature erythrocytes, lympho- 
cytes and heterophils. In all infected 
embryos, non-pigmented parasites de- 
void of host cytoplasm were found. In 
one embryo, certain merozoites from 
free segmenting parasites were seen 
which had either parasitized basophil 
erythroblasts or were superimposed on 
them. Parasitemias never exceeded 2400 


Number of 
Parasites 
injected 


Passage 


Age of 
Number 


Recipient 





TABLE 3.—Rapid passage of P. gallinaceum in hatched ducklings 
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sites, indicated a strong initial host re- 
sistance (table 1, fig. IF and fig. 2A). 
This experiment, details of which may 
be found in table 3, was performed in 
an attempt to establish P. gallinaceum 
in duck erythrocytes by rapid passage 
of parasites at the peak of infection. 
The principal difference in the con- 
trol (fig. 2A) and experimental ducklings 
lay in the initial parasite rise. Immune 
reactions after 4 or 5 days were similar 
to that in the control infections. In the 
first passage (fig. 2B), one duckling de- 


Course of initial Infection Figure 





_ Initial 
infection 


20 days 3x<10' 


embryo 


ist Duckling 
2 days 


178 X10? 


2 days 
5 days 
5 days 


5 days 
20 days 


180 X10° 
90 X10" 
90 X10? 


13.5 X10" 
47.2 X10" 


3rd 


4th 


9 days 21-107 





Described in table 1 under 20 day chick embryo 
Acute fatal infection. 


Moderate acute infection terminated by crisis. 
Parasites decreased slowly for 3 days; then crisis. 
Acute rise; well defined crisis. 


{ Moderate acute infection terminated by crisis. (cf. 2D 
\fig. 1E, 103.) 2E 


Low grade infection terminated by crisis 2F 





parasites per 10,000 erythrocytes. The 
liver, spleen, heart and brain were 
heavily infected with exoerythrocytic 
forms. The severity of the infection as 
compared with that produced by inoc- 
ulation of blood forms was apparent in 
the heavy tissue parasitism and the 
100% mortality rate in embryos. 
Successful infections were not secured 
in 26 day embryos. No embryos of this 
age survived more than one day after 
inoculations. Only two infections were 
secured in two day ducklings. One par- 
asite was found in each animal 9 days 
after inoculation. At this age, infections 
were similar to those reported by Huff 
and Coulston (1946) for adult ducks. 


Adaption of parasites to duck erythrocytes 


Attempts to infect post-hatched duck- 
lings, even with massive doses of para- 


veloped a parasitemia of 6000 parasites 
per 10,000 erythrocytes and died. The 
two remaining ducklings had an irregu- 
lar but, nevertheless steady rise in par- 
asite numbers, which was followed by 
an abrupt disappearance of parasites in 
207 and a more gradual decline in 208. 
In the second, third and fourth passages 
of parasites (fig. 2C, D, E and F) there 
was a more rapid and steady rate of 
parasite rise. The height of parasitemia 
decreased each time, probably because 
of the advanced age, the size of the 
ducklings and the proportional decrease 
in inoculum. 


DISCUSSION 
Experimentaliy induced infections 
with P. gallinaceum in duck embryos 
will be discussed with special reference 
to the relationship of age to susceptibil- 
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ity and to the significance of the differ- 
ence in infections produced by sporo- 
zoite and erythrocytic stages of the 
parasite. 

Huff and Coulston (1946) advanced 
the belief that resistance of adult ducks 
to patent infection lay principally in 
the erythrocyte, but it is not absolute, 
because they found one parasite in an 
erythrocyte. In duck embryos as early 
as the 14th day of incubation there was 
some principle which killed a great 
number of parasites (fig. 1A, 1C and 
2A). That parasites usually overcame 
this unfavorable environmental con- 
dition and produced infections similar 
to those in embryonic or hatched 


chickens indicated differences in host 
environments between embryonic and 
adult ducks. The survival of parasites 
through rapid passage in ducks, after 
being established in duck embryos, in- 
dicated that parasites could become 
adapted to post-hatched duck erythro- 


cytes. Acquired immunity could be 
demonstrated in only 8 ducklings, two 
of which had been inoculated as em- 
bryos. Therefore, the principal defense 
in the embryos was that of natural re- 
sistence, and it became more and more 
pronounced until, at the first day after 
hatching, attempts at infection by or- 
dinary methods were, for all practical 
purposes, unsuccessful. 

In ducklings which had been infected 
by rapid passage from infected embryos 
and in the two ducklings inoculated 
while still embryos, an abrupt diminu- 
tion of parasite numbers after a steady 
parasite rise indicated a strong acquired 
immunity. It is significant to note that 
this immunity resulted only after 
hatching and after initiation of infec- 
tion in a special manner. It is logical to 
assume, therefore, that although natu- 
ral resistance is the principal factor in 
resistance in both embryos and hatched 
ducks, acquired immunity played a 
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role in certain cases. No small lympho- 
cytes were present in the spleen of duck 
embryos until 26 days. At hatching, 
small nests of lymphocytes were visible 
and increased with the age of the duck- 
ling. W. H. and L. G. Taliaferro and 
Simmons (1945), and W. H. and L. G. 
Taliaferro (1948) have shown that lym- 
phocytes are important in the defense 
of birds against P. gallinaceum, whether 
through the production of macrophages 
or humoral antibodies. It is significant, 
therefore, that the only incidences of 
acquired immunity occurred at a time 
after the small lymphocytes appeared 
in the spleen (compare Murphy, 1913). 

The marked difference in the types of 
infection produced in embryos by blood 
and tissue stages has been noted by 
Haas and Ewing (1945) and Zucker- 
mann (1946). Infections produced by 
inoculation of erythrocytic stages of 
the parasite in chick embryos were 
similar to the same type of infection in 
chickens in that the parasites tended to 
maintain themselves in mature erythro- 
cytes. Infections resulting from inocu- 
lation of tissue stages or sporozoites in 
embryos, however, seemingly differed 
from those in the adult in that all types 
of circulating cells were parasitized. 
There are, however, data indicating 
that this type of infection is not limited 
to embryo infection. James and Tate 
(1937) reported the same phenomenon 
on a reduced scale in young chickens. 
Huff and Coulston (1946) found that 
the infective material in duck blood, 
previously inoculated with massive 
doses of sporozoites, lay just under the 
buffy coat. Wright and Van Alystyne 
(1931) showed that such a layer is com- 
posed of the lower members of the eryth- 
rocytic series and leucocytes. The 
peripheral blood of duck and chick em- 
bryos is composed of a greater number 
of immature cells than are the adults. 
They thus afford an opportunity to 
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study indiscriminate cell invasion. 

Huff and Coulston (1944) have shown 
that pre-erythrocytic stages of P. gal- 
linaceum reproduce in cells of the 
lymphoid-macrophage system and en- 
dothelium. This is also true in duck 
embryos, although in embryos a sharp 
distinction between endothelium and 
the lymphoid-macrophage system can- 
not be drawn. Futhermore, in all em- 
bryos, several free exoerythrocytic seg- 
menters with 50 to 60 merozoites were 
found in dry smears of peripheral blood. 
Two were partially broken down and 
their merozoites could be demonstrated 
on or in the cytoplasm of adjacent baso- 
phil erythroblasts. The change of host 
preference from undifferentiated or par- 
tially differentiated mesenchymal cells 
to completely differentiated cells such 
as erythrocytes is a major one, and it 
seems probable that if a route consisting 
of more gradual steps were possible it 
would be followed. This is obviously 
true in duck and chick embryos. The 
liberation of exoerythrocytic stages in 
the circulating blood is followed by 
parasite invasion of all types of cells, 
with successful adaptation in cells of 
the erythrocytic series and possibly in 
thrombocytes (Zuckermann, 1946). The 
presence of parasites in mature erythro- 
cytes represents a culmination of adap- 
tations during which the physiology of 
the parasite would of necessity be 
altered, as is exemplified by the produc- 
tion of pigment, distinct morphological 
changes and a greater susceptibility to 
the immune forces of the host. The 
author believes that this series of adap- 
tations so evident in embryos is merely 
an exaggeration of the same phenom- 
enon seen in adult animals. Inoculations 
with forms already adapted to mature 
erythrocytes produce an infection in 
which the parasites tend to maintain 
themselves in this type of cell. 


SUMMARY 


Infections with P. gallinaceum were 
secured in duck embryos by intravenous 
inoculation with both sporozoites and 
erythrocytic forms of the parasite. Em- 
bryos were highly susceptible through 
the 20th day, but between that day and 
the 26th day of incubation the ability 
of the parasite to establish itself dimin- 
ished. All infections were distinguished 
by an initial decrease followed by a 
rapid increase in number of parasites. 
Sporozoite induced infections differed 
from blood-induced infections in that 
the host cell preference in the former 
was initially for cells of the lower eryth- 
rocytic series and for lymphocytes 
and heterophills. Parasites already in 
mature erythrocytes produced infec- 
tions characterized by re-entry of that 
cell type. It is postulated that such a 
host preference might be due to adapta- 
tions already present in the one and at- 
tained by the other. 

In embryos, as in adult ducks, natural 
immunity played the most important 
role in resistance to blood infections of 
P. gallinaceum. In all post hatched 
ducks, acquired immunity was super- 
imposed on natural immunity. 
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Although the use of chicks embryos 
has been recognized as a valuable ad- 
junct in the study of bacterial and virus 
disease for several years, intensive study 
of this and other avian embryos in re- 
lation to animal parasites is of compar- 
atively recent origin. Wolfson (1940) 
succeeded in establishing infections of 
Plasmodium lophurae, P. cathemerium, 
and P. elongatum in duck embryos. 
Shortt, Menon and Iyer (1940) secured 
P. gallinaceum infections in chick em- 
bryos by the deposition of infected 
salivary glands of Aédes aegypti mos- 
quitoes on the chorio-allantoic mem- 
brane. The first attempt to use the 
chorio-allantoic membrane of chick em- 
bryos in determining the pre-erythro- 
cytic series was made by Fonseca et al. 
(1946). The description of forms ob- 
served by them and interpreted as cryp- 
tozoites of P. gallinaceum was in general 
disagreement with the description of 
the same stages in connective tissue 
cells of adult chickens (Huff and Coul- 
ston, 1944). 

Previous work toward elucidating the 
development of pre-erythrocytic stages 
of P. gallinaceum in adult chickens has 
required large doses of sporozoites to 
find these stages. This disadvantage is 
mitigated to some extent by using the 
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embryo. A further advantage of the 
embryo is that certain host differences 
may be revealed by studying the em- 
bryo that has such a comparatively in- 
complete organ system in relation to 
the adult. 


MATERIALS AND METHODS 


The strain of P. gallinaceum employed in these 
experiments was one received from Professor E. 
Beltran and was designated strain 8A by the 
Committee on Terminology of Avian Malaria 
of the American Society of Parasitologists. In- 
fections were maintained in chickens chiefly by 
blood transfer with occasional sporozoite inocu- 
lations. Transfers were generally made twice 
weekly. Embryos of white leghorn chickens from 
9 to 16 days incubation were used to follow the 
course of pre-erythrocytic infection, although 
later in the work chick embryos under 12 days 
were not used. 

A. aegypti mosquitoes, maintained in this lab- 
oratory for several years, were used to secure 
sporozoites for intravenous and intramuscular 
inoculations and for implantations on the chorio- 
allantoic membrane. Mosquitoes were reared 
according to the method of Shannon and Putman 
(1934) with slight modifications. Blood meals on 
infected chickens were given not later than 48 
hours following infection and the exposed mos- 
quitoes were tested for infection on the 8th 
day following feeding. Mosquitoes were dissected 
in equal parts of sterile chicken serum and 
distilled water. All instruments were sterilized 
prior to dissection, At times various concentra- 
tions of penicillin were added to the dissecting 
medium, but this practice was later discontinued. 
Contamination of embryos with bacteria was 
rare. For implantation of chorio-allantoic mem- 
branes, glands were teased slightly, then de- 
posited on the membrane. For intravenous in- 
oculations, glands were ground in a glass mill for 
about two minutes, drawn into a 1 cc tuberculin 
syringe, and inoculated following the method of 
Eichorn (1940). 

Preparation of the embryo for gland implanta- 
tion followed the method of Burnett (1936). In 
implanting, glands were picked up on teasing 
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needles and deposited usually at the junction of 
a vein bifurcation to facilitate the later location 
of the inoculum. In some cases a double implanta- 
tion was used. Chick embryos of approximately 
28 somites were removed aseptically from their 
shells into watch glasses containing 2 cc of sterile 
Tyrode's solution. The embryo was orientated 
with the ventral side uppermost. In this position 
the anterior intestinal portal was clearly visible 
under a dissecting microscope. An infected sali- 
vary gland of A. aegypti was picked up witha fine 
needle, and the needle point containing the in- 
oculum was pushed gently into the foregut. The 
method of implanting the treated embryo, al- 
though independently derived, was essentially 
the same as that of Willier (1924). Intramuscular 
inoculations were made by picking up parts of 
the embryo, such as legs, head or the entire body, 
on curved needles and inoculating them with 
glands. 

Tissues were fixed in Zenker-formol fluid, 
sectioned by the colloidon method, and stained 
with Maximow’'s hematoxylin-eosin-azure tech- 
nic. Blood smears were obtained from embryos 
by exposing the inner shell membrane, punctur- 
ing a small vein, and touching a glass slide to the 
drop of blood. Blood smears were stained with 
MacNeal’s tetrachrome stain. 


EXPERIMENTAL 


One hundred and seventy-one chick 
embryos were treated in attempts to 
secure pre-erythrocytic stages of P. gal- 
linaceum. Sixteen were inoculated in the 
wing or leg buds. Of 5 embryos grafted 


R. BARCLAY MCGHEE 


on the chorio-allantoic membrane fol- 
lowing inoculation of infected mosquito 
salivary plands, one became infected. 
The parasites obtained from this ex- 
periment are described under the sec- 
tion dealing with 61 hour metacrypto- 
zoites. Eleven embryos receiving in- 
fected mosquito salivary glands directly 
on the chorio-allantoic membrane were 
infected. Pre-erythrocytic stages of 12 
to 70 hours of age were recovered in this 
manner. Embryos inoculated intrave- 
nously with sporozoite emulsions were 
invariably infected. Tissue stages of 
duck embryos were identical to those of 
the chick and were used to augment the 
findings in the latter. 

Twelve hours following the introduc- 
tion of sporozoites, cryptozoites were 
well dispersed in the reaction area. They 
were identical to the stages of the same 
age in the adult chicken connective tis- 
sue. Parasites stained a deep blue, were 
ellipsoidal to spherical in shape, and 
were from one to two yp in diameter. In 
many cases the parasites were not defi- 
nitely associated with a host cell but 
those that were were in mononuclear 
phagocytic cells. 

Cryptozoites in 24 hour preparations 


EXPLANATION OF PLATE 1 


Plate—Pre-erythrocytic stages of P. gallinaceum in the tissues of 12 to 14 day chick embryos. 
Camera lucida drawings by Esther Bohlman. 2250. 

C.—cryptozoite; CM.—cryptozoite merozoite; CS.—cryptozoite schizont; CSm.—cryptozoite seg- 
menter; M/.—metacryptozoite; h.—heterophil; hn.—heterophil nucleus; mt.—mosquito tissue; n.— 


degenerate nuclei. 


Fic. 1.—Multiple infection of a phagocytic cell of the chorio-allantoic membrane at 24 hours. The 
cell probably also contains some degenerate parasites or other debris. 


Fic. 
Fic. 
Fic. 
Fic. 
Fic. 6. 
Fic. 
Fic. 8. 
Fic. 
Fic. 


4.—Thirty-six hour cryptozoite schizont. 


-A 40 hour parasite with a single core. 


2.—A portion of the same tissue showing eleven 24 hour cryptozoites in the host cell. 
3.—Thirty-six hour cryptozoite in macrophage. Note clearly defined vacuole of host cell. 


5.—Cryptozoite schizont of 40 hours. Note clefts in the parasite cytoplasm. 
-Mature schizont of 40 hours with partially segmented areas. 
7.—Segmenting parasite of 40 hours with two cores. 


9.—Merozoites free in the vacuole of a macrophage. There is no core visible. 
10, 11, and 12.—Metacryptozoites of 61 hours in head mesenchyme of a three-day chick embryo 


implanted, following inoculation, on the chorio-allantoic membrane of a 12 day embryo. 








NYAWN HOG 3 


vei 
roo 
al 
fo4 
~ 
foe} 
= 
= 
fr’ 
ae) 
Z. 
< 
= 
- 
a 
Z 
= 
= 
-“~ 
~ 
Q 
S 
< 
2. 
~ 
~] 
~] 
=< 
rs 
~ 
~~ 
~ 








: 
; 
: 
' 
; 
f 


108 R. BarcLtay MCGHEE 


retained the spherical or ellipsoidal 
shape. Two parasites were in hetero- 
phils and the remainder in macrophages. 
Uninucleate to quadrinucleate forms 
were seen. Examination of numerous 
parasites indicated that, as in the skin 
of adult chickens, the number of nuclei 
is two. Of the two parasites seen in het- 
erophils, one was binucleated and nor- 
mal, while the other, obviously degen- 
erate, stained lightly and was markedly 
vacuolated. Some macrophages con- 
tained only one parasite but the major- 
ity had 4 and many had 8 to 10 para- 
sites (plate I, fig. 1 and 2). A clearly 
defined vacuole around the parasites 
was present in the host cytoplasm. 
Cryptozoites stained deep azure with 
a pale pink nucleus. The diameter of the 
parasites measured from 2 to 4 u. 

In cryptozoites of 36 hours, nuclei 
increased proportionally to the parasite 
size (plate I, fig. 3 and 4). One parasite 
had 30 nuclear structures. Parasites 
with fewer nuclei displayed clearly vis- 
ible nucleoli. All parasites were in mac- 
rophages. One presegmenter was seen 
with a foamy cytoplasm, had no defi- 
nite nuclei and was pervaded with cleft- 
like structures. 

Parasites were seen in stages from 
mature schizonts through complete seg- 
mentation 40 hours after inoculation. 
Mature schizonts stained a deep blue 
and were large with no nuclear detail. 
Shortly following this stage, clefts be- 
came visible in the cytoplasm separating 
the parasite into well defined areas 
(plate I, fig. 5). Cleavage did not follow 
any set pattern and there was no defi- 
nite number of clefts in any given para- 
site. Merozoites delaminated from the 
parent cryptozoite in a manner illus- 
trated in plate I, figure 6. In this para- 
site, merozoites could be seen on one 
plane and a still unsegmented core on 
another. During the first segmentation, 
cores were visible, sometimes 4 but 


more often 2 per parasite. Parasites 
were seen with 100 merozoites and 4 
cores. Others possessed only 35 to 40 
merozoites arranged radially around a 
central core (plate I, fig. 6, 7, and 8). 
The core either degenerates in the inter- 
val following the first segmentation or 
a new crop of merozoites is formed 
since, in host cells in which the mero- 
zoites are free, no core was visible (plate 
I, fig. 9). Individual merozoites were 
pointed at either end with a central 
band resembling a nucleus. 

Early metacryptozoites were identi- 
cal to the same parasites in adult 
chicken skin. At 61 hours following 
inoculation, parasites measured approx- 
imately those of the 24 hour cryptozo- 
ites. All parasites were in head mesen- 
chyme of a 28 somite embryo. Cells con- 
tained from 1 to 6 metacryptozoites 
with 1 to 4 muclei (plate I, fig. 11 and 
12). 

One presegmenting metacryptozoite 
only was found in over 30 membranes, 
70 hours after inoculation. The parasite 
was morphologically identical to crypto- 
zoites in the corresponding stages of 
Exoerythrocytic stages in 
organs of duck and chick embryos were 


growth. 


similar to cryptozoites and metacrypto- 
zoites until segmentation. Parasites in 
the spleen at this time produced both 
macromerozoites and micromerozoites. 
Prior to segmentation, clefts appeared 
in the cytoplams comparable to those in 
the presegmenting cryptozoites. Para- 
sites were in the endothelium of the 
blood vessels, in lining cells of the si- 
nuses and in macrophages. In the liver 
many parasites were in vascular endo- 
thelium and could be seen in nearly all 
blood vessels. In both organs some exo- 
erythrocytic parasites were in the 
lumina of vessels, either inside a host 
cell or evidently free. Blood smears from 
infected embryos bore this out because 
large nonpigmented parasites not con- 
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nected with any host cell appeared in 
the blood stream. Parasites were ob- 
served in heterophils in the tissues and 
in peripheral blood smears. 

Cardiac endothelium was heavily in- 
fected. The length of the parasite in the 
heart often greatly exceeded the diam- 
eter of the same stages in the spleen and 
liver and they were elongate rather than 
spherical as in the other tissues studied. 
Clefts in the cytoplasm of the parasites 
occurred more frequently and gave the 
appearance at times of cytomery. In no 
case, however, was this clearly enough 
defined to be considered such a phe- 
nomenon. Synchronism, evidenced by all 
parasite, is of interest. Although sec- 
tions were made as late as 9 days fol- 
lowing inoculation, a great proportion of 
parasites throughout the embryos were 
in the same stage of development. 

DISCUSSION 

The development of P. gallinaceum 
through the metacryptozoite generation 
in embryonic tissue differs but slightly 
from stages in the wing skin of adult 
birds. Variations in staining reactions 
were probably due to variations in 
technical procedure. Segmenting para- 
sites were seen as early as 36 hours fol- 
lowing implantation, and one preseg- 
menting metacryptozoite was seen at 70 
hours. Degenerate parasites were found 
at all hours, indicating a low survival 
rate of individual sporozoites. One par- 
asite in a heterophil of the chorio- 
allantois was apparently normal, but 
another one was obviously degenerate. 
No exoerythrocytic stages beyond the 
uninulceate stage were observed in het- 
erophils in other tissues. These findings, 
coupled with the observations of Huff 
and Coulston (1944), add evidence to 
the belief that parasites are unable to 
survive beyond a certain point in this 
type of cell. 

The resemblance of segmenting par- 
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asites to the formation of sporozoites in 
the odcyst, commented on by Huff and 
Coulston (1944), was even more striking 
in parasites developing in the cells of the 
chorio-allantoic membrane. The proc- 
ess of cleavage, so definite in these prep- 
arations, has been reported previously 
(Huff and Coulston, 1944), but its sig- 
nificance is still little understood. Huff 
(persona: -ommunication) observed sim- 
ilar clefts in nerve cells due to fixation, 
but such clefts in parasites might be an 
antecedent to core formation. The pres- 
ence of two cores in the cytoplasm of a 
host, on the other hand, might be the 
result of dual infection of a single cell. 
In none of the preparations studied, 
however, have definite multiple infec- 
tions been seen beyond the 24 hour cryp- 
tozoite stage. In chick embryo tissue, a 
single brood or core usually produced 
between 25 to 35 merozoites. The fact 
that few host cells were seen possessing 
more than two cores with 60 to 75 mer- 
ozoites, might indicate that the cells of 
the chorio-allantois do not offer the 
best medium for the growing parasite. 
In parasites with more than one core, or 
in parasites in which the various cores 
could not be distinguished with cer- 
tainty, a round count of the merozoites 
produced was near enough in number to 
be considered a multiple of single core 
production. The periodicity of exo- 
erythrocytic stages in embryo organs 
was striking even after 9 days. This 
periodicity was markedly different from 
the lack of periodicity after 70 hours in 
wing skin preparations in adults birds 
(Huff and Coulston, 1944). 
Superficially, it might appear that the 
chick chorio-allantois is an environment 
not well suited for the development of 
sporozoites of P. gallinaceum. However, 
if factors of chorio-allantois histology, 
methods of inoculation, and technics of 
slide preparation are taken into ac- 
count, a different picture presents it- 
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self. Inoculation made before the 12th 
day of incubation were negative. His- 
tologically, there was little if any in- 
flammation in the membrane. The thin 
line of ectoderm was unbroken and 


acted as a barrier between the glands 
and the underlying mesenchyme. In- 
oculation after this time invariably in- 
duced a reaction. To explain this ob- 


servation, it is necessary to refer to the 
development of the chorio-allantois from 
9 to 12 days. As reported by Danchakoff 
(1918) and verified by these studies, a 
significant change takes place in the 
chorio-allantois at this time. Prolifera- 
tion of vascular epithelium proceeds to 
such an extent that it surmounts the 
lining of the membrane. Implantation of 
material, even as light as single mos- 
quito salivary gland, brings about 
hemorrhage after the 12th day of in- 
cubation, and reaction areas from 1 to 6 
mm in diameter were always in evi- 
dence. 

Early in the work, extreme care was 
taken to insure sterility, particularly in 
dissecting mosquito salivary glands. 
Later, when it was realized that such 
exacting precautions were unnecessary, 
other pieces of mosquito tissue were in- 
advertently included in the inoculum. 
As a result the exact site of inoculation 
could be more easily determined and 
distinguished from reaction areas aris- 
ing as a result of bits of paraffine falling 
on the membrane. Finally, it may be 
noted that in a series of 10 embryos, 
done near the close of the experiments, 
6 were found to contain parasites. This 
further lends support to the idea that 
technics could account for the previous 
difficulties in tracing the development of 
the sporozoites on this medium. 

The following factors are of an ad- 
vantage in studying the development of 
parasites on _ chorio-allantoic mem- 
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branes: The thin membrane does not 
require the cutting of numerous sections 
to reach the inoculum. Often only three 
sections composed the entire area of re- 
action. The inoculum does not need to 
exceed 5 salivary glands and parasites 
have been found in material in which 
only two were used. The membrane cuts 
easily and never lifts out of sections as 
does a wing skin preparation. 


SUMMARY 


The development of the sporozoites of 
P. gallinaceum in the cells of the chorio- 
allantoic membrane and various tissues 
of embryonic chicks were found to differ 
from the same cycle in the connective 
tissue of adult chickens in certain minor 
details. These differences in size and 
staining reactions might be attributed to 
the early age of the host and its conse- 
quent histological and _ physiological 
variations from the adult. It is suggested 
that the formation of clefts in the ma- 
ture schizont play a part in the produc- 
tion of merozoites. The chorio-allantoic 
membrane of chick embryos offers an 
advantageous medium for studying the 
early pre-erythrocytic stages of various 
species of Plasmodium. 
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